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ABSTRACT 
- 
An experimental  i n v e s t i g a t i o n  was undertaken i n  o rde r  t o  determine 
how f i n i t e  homogeneous r e a c t i o n  ra tes  a f f e c t  energy t r a n s f e r  rates i n  t h e  
case of f u l l y  developed t u r b u l e n t  t ube  flow. 
tu rbu len t  s c a l a r  p r o p e r t i e s  of t h e  nonequilibrium r e a c t i n g  f low were 
measured and compared t o  s imi l a r  d a t a  obta ined  f o r  t h e  case of nonreact ing 
tu rbu len t  tube  flow. Spec ia l  i n s t rumen ta t ion  and a r e c i r c u l a t i n g  flow 
system were developed f o r  u se  w i t h  t h e  gaseous r e a c t i n g  NO2 system a t  
e l eva ted  temperatures  and p res su res .  The r e s u l t s  showed how the e x i s t i n g  - . - -  
model f o r  p r e d i c t i n g  t h e  e f f e c t  of r e a c t i o n  r a t e  on h e a t  t r a n s f e r  r a t e  
Both t h e  t ime-average and 
- 
must be-modif ied i n  o rde r  t h a t  b e t t e r  agreement can be obtained between 
t h e  t h e o r e t i c a l  p r e d i c t i o n s  and t h e  experimental  da t a .  The turbulence  
measurements showed t h a t  t h e  concen t r a t ion  and tempe 
i n t e n s i t i e s  are  unusual ly  l a r g e  when t h e  flow i s  undergoing a homogeneous 
nonequilibrium r e a c t i o n  compared w i t h  t h e  i n t e n s i t i e s  measured i n  a 
similar, but  nonreac t ing ,  flow. This  r e s u l t  h e l p s , ' i n  p a r t ,  t o  exp la in  
why t h e  e x i s t i n g  p r e d i c t i o n  model i s  of l imi t ed  u t i l i t y .  Areas r e q u i r i n g  
- _ _  - 
f u r t h e r  i n v e s t i g a t i o n  w e r e  de l inea ted .  
- 
-i- 
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1.1 BACKGROUND 
SECTION 1 
INTRODUCTION 
. . .  
' There are numerous p r a c t i c a l  s i t u a t i o n s  i n  which a knowledge 
. . -  - 
, 
I 
of t h e  
hea t  t r a n s f e r  rate t o  or from a chemical ly  r e a c t i n g  flow i s  needed. The 
p r e d i c t i o n  of the coo l ing  requirements  f o r  h e a t  exchangers on rocke t  
combustion chamber w a l l s ,  t h e  p r e d i c t i o n  of hea t ing  o r  cool ing  requirements  
f o r  flow r e a c t o r s ,  and t h e  p r e d i c t i o n  of hea t ing  loads on r e - e n t r y  bodies  
are examples of d e s i g n  s i t u a t i o n s  which r e q u i r e  workable nethods f o r  
determining t h e  e x t e n t  t o  which t h e  chemical r e a c t i o n s  i n  t h e  f low stream 
a f f e c t  t h e  hea t  t r a n s f e r  rates (flow i n  condui t s  o r  f low over bod ie s ) .  
The approach r e q u i r e d  f o r  t r e a t i n g  each s i t u a t i o n  must be t a i l o r e d  t o  not  
on ly  t h e  f l u i d  mechanics of t h e  f low f i e l d  (laminar o r  t u r b u l e n t ,  
developing o r  f u l l y  developed, mass a d d i t i o n  a t  t h e  w a l l ,  p a r t i c l e s  o r  . 
d r o p l e t s  i n  t h e  flow, etc.) but  must a l s o  be c o n s i s t e n t  w i t h  t h e  chemistry 
(binary o r  mufticomponent, i r r e v e r s i b l e  and/or r e v e r s i b l e  r e a c t i o n s ,  homo- 
geneous and/or heterogeneous r e a c t i o n s ,  chemical equi l ibr ium o r  nonequi l i -  
brium cond i t ions  p r e v a i l i n g ,  plasma o r  n e u t r a l  chemistry,  e t c . )  as w e l l  as 
any o the r  p e c u l i a r i t i e s  of t h e  hea t  t r a n s f e r  s i t u a t i o n  ( a b l a t i o n ,  r a d i a -  
t i o n ,  etc.) which may be p r e s e n t  i n  t h e  f low system of i n t e r e s t .  Work on 
elementary a s p e c t s  0-f t h e  problem w a s  not  r epor t ed  be fo re  the  mid-1950's. 
Since t h a t  t i m e  cons ide rab le  a t t e n t i o n  has  been devoted t o  t h e  problem 
inc luding  s t u d i e s  of h e a t  t r a n s f e r  f o r  bo th  laminar and t u r b u l e n t  r e a c t i n g  
f lows and f o r  the t h r e e  d i f f e r e n t  modes of hea t  (or energy) t r a n s f e r  - 
~ - _  . - _  - _ .  - _- . ~ _ .  .  I conduction, n a t u r a l  (or free) convect n, and forced  convect ion.  
Severa l  reviews of the problem have been made 
convenience, a cons ide rab le  number of experimental  
(1) (2) (3) ( 4 ) .  For 
s t u d i e s  i n  t h e  labora-  
tory have used the reversible, homogeneous, equilibrium dissociating / 
N204 z? 2 NO 
temperature range of.100 to 570 F 
2 NO2 z 2 NO + 0 2 
700 to 1200 F 
(7) (8) (9) (10) Brokaw and coworkers (2) (11) (12) (13) , Smith and coworkers 
(14) (15) (16) (17) , Presler (18) , and Brian and coworkers (19) (20) (21) (22) (23). 
Some studies have also been done with the irreversibly dissociating ozone 
sy s t em , 
Furgason (24) (25). 
system (endothermic) at 1 to 2 atm total pressure in the 
o *  2 and the nonequilibrium dissociating 
system (endothermic) at 1 to 10 atm total pressure and 
These include the work of Mason and coworkers (1)(5)(6) 0 ** 
-+ 3 O2 (exothermic; system diluted with 0,), by Edwards and O 3  
In the case of reversible, equilibrium, homogeneous reacting systems, 
various studies (1) (6) (7) (10) (11) (18) have clearly shown that conventional 
heat transfer correlations for the turbulent flow of nonreacting gases are 
applicable if the proper substitution of thermodynamic and transport 
properties and driving forces (to specific enthalpy) is made in the 
dimensionless correlations and if the fluid properties are evaluated at a 
suitable film temperature. Exact calculations can give an adequate 
representation of both the laminar flow situation (16)(17) and of the 
stagnant film case (8)(12) even if a nonequilibrium reaction is occurring." 
In the case of reversible nonequilibrium reacting systems in turbulent. 
flow, Brian and coworkers (19)(20)(21)(23) have developed several models, 
based on various assumptions, for the prediction of the heat transfer rate 
between the wall and the fluid. In Table 1 a listing of each of the key 
assumptions associated with these models is presented. 
made between the results calculated for the film model (I) and results 
calculated for the model which incorporated eddy diffusivities based on 
nonreacting tube flow data (11) showed that for NLe 
*** A comparison 
,-+ 1 systems, the film 
5 
* 
Characteristic chemical reaction times for this system at these 
conditions are on the order of seconds. 
Characteristic chemical reaction times for this system at these 
conditions are on the order of 1 to 10-2 seconds. 
** 
*** 
Symbols are defined in the Nomenclature. 
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I
theory  w a s  indeed a good approximation. No experimental  d a t a  f o r  tube  
f low were a v a i l a b l e  t o  check t h i s  r e s u l t .  
f o r c e  was a l s o  i n v e s t i g a t e d .  I n  F igure  1, c a l c u l a t i o n s  are presented  
which show a comparison between t h e  AT f i n i t e  case and t h e  AT 0 case. 
The dimensionless  hea t  t r a n s f e r  c o e f f i c i e n t  r a t i o ,  cp, i s  shown as a 
func t ion  of t h e  c h a r a c t e r i s t i c  t i m e  r a t i o  (molecular d i f f u s i o n  t o  chemical 
reaction),  fi. 
nonreact ing s t a t e .  
l ib r ium s ta te .  
l ib r ium behavior.* 
case of AT = 190°F (21). 
conduct iv i ty  on t h e  c a l c u l a t e d  r e s u l t s  i s  apparent .  
c a l c u l a t e d  f o r  t h e  case  of AT+ 0 (19). 
t h e  same v a l u e  of k/k 
t h e o r e t i c a l  l i n e  f o r  t h e  AT 0 case i s  s h i f t e d  from t h e  l i n e  f o r  t h e  AT 
f i n i t e  case  t o  h igher  va lues  o f 6 .  
The e f f e c t  of f i n i t e  d r i v i n g  
A s  fi -t 0, t h e  system approaches the " loca l ly  f rozen" o r  
A s  f i+  m, t h e  system tends  toward t h e  chemical equi-  
I n  between t h e s e  two states, the  system e x h i b i t s  nonequi- 
The s o l i d  l i n e s  are t h e  r e s u l t s  c a l c u l a t e d  f o r  t h e  
The s i g n i f i c a n t  e f f e c t  of t h e  equi l ibr ium thermal  
The dashed l i n e  w a s  
A comparison of t h e  r e s u l t s  f o r  
(= 4.0)  shows t h a t  i n  t h e f i <  2 range t h e  s 
The only d a t a  which are a v a i l a b l e  f o r  checking the  v a l i d i t y  of t h e  
models l i s t e d  i n  Table 1 are t h e  d a t a  obtained by Bodman (22)(26) f o r  t h e  
case of t u rbu len t  f low o u t s i d e  a r o t a t i n g  heated cy l inde r  immersed i n  a 
chamber of s tagnant  gas .  
The experimental  r e s u l t s  were compared w i t h  both t h e  f i l m  theory  (22) and 
w i t h  the  p r e d i c t i o n s  de r ived  from a model s p e c i f i c a l l y  developed f o r  Elow 
ou t s ide  a r o t a t i n g  c y l i n d e r  (23). 
theory  p r e d i c t i o n s  w i t h i n  -1: 10% (a few of t h e  r e s u l t s  devia ted  from t h e  
ca lcu la te ;  r e s u l t s  by as much as 25%). Calcu la ted  r e s u l t s  de r ived  from 
t h e  model based on an  eddy d i f f u s i v i t y  (23) were i n  c l o s e  agreement 
(< 4%) wi th  t h e - f i l m  t h e o r y r e s u l t  f o r  v a l u e s  oT-7 < 50 (q - 4 i n  t h e  NO2 
- 
2 '  . 
The experiments were made w i t h  d i s s o c i a t i n g  NO 
Most of t h e  d a t a  agreed w i t h  t h e  f i l m  
ing  system) ,ove Ids  number. Since t h e  gas  ' -- _ -  ... --L! _i- i l  - - .. _ _  - 
* 
Note t h a t  h*, o r  t h e  measure of r e s i s t a n c e  f i l m  th i ckness ,  appears  i n  both 
t h e  o r d i n a t e  and t h e  a b s c i s s a  of t h e  f i g u r e .  
mechanical f e a t u r e s  a r e  e s s e n t i a l l y  d iv ided  out and t h e  primary informa- 
t i o n  l e f t  i s  t h e  e f f e c t  of r e a c t i o n  r a t e  on heat  t r a n s f e r  ra te .  
Thus t h e  g r o s s  f l u i d  
-4-  
---- - . .. - 
! 
_____ - _ _  __ __ . -  
f a r  from t h e  s u r f a c e  of t h e  r o t a t i n g  c y l i n d e r  was 
t h e  assumption of chemical equ i l ib r ium i n  t h e  bulk  w a s  v a l i d .  
i t i a l l y  s tagnan 
- - -. - - ____ _ - 
No d a t a  are a v a i l a b l e  f o r  t e s t i n g  t h e  assumptions embodied i n  t h e  
model (11) der ived  f o r  f u l l y  developed t u r b u l e n t  tube  f low (20). I n  
p a r t i c u l a r ,  t h e  s t eady  state r e a c t i o n  ra te  assumption of t h i s  model has  
not  been exper imenta l ly  checked. 
The i n v e s t i g a t i o n s  r e f e r r e d  t o  s o  f a r  i n  t h i s  review w e r e  concerned 
only  wi th  the  t ime-average p r o p e r t i e s  of t u r b u l e n t  r e a c t i n g  flows of t h e  
"self-mixing" type  (27) .  Various approaches toward ga in ing  an  under- 
- s tanding  of how both t h e  time-average and f l u c t u a t i n g  q u a n t i t i e s  (scalar 
and momentum) i n  a t u r b u l e n t  f low are a f f e c t e d  by chemical r e a c t i o n s  have 
been made by s e v e r a l  i n v e s t i g a t o r s  (28) (29) (30) (31) (32).  The r e s u l t s  s o  
f a r  obtained via  t h e  s ta t i s t ica l  turbulence  theory  approaches,  wh i l e  
showing promise f o r  u l t i m a t e l y  providing p r e d i c t i o n  t o o l s  f o r  des ign  
purposes,  have not  y e t  provided a p r a c t i c a l  a l t e r n a t i v e  t o  t h e  models 
which have neglected t h e  d e t a i l s  of t he  tu rbu len t  mixing processes  and 
have r e s o r t e d  t o  t h e  use  of eddy d i f f u s i v i t i e s  measured f o r  nonreac t ing  
flows. 
1.2 PROGRAM OBJECTIVES 
Because of t h e  l i m i t a t i o n s  of t h e  a v a i l a b l e  models f o r  p r e d i c t i n g  t h e  
e f f e c t  of r e a c t i o n  r a t e  on t u r b u l e n t  hea t  t r a n s f e r  rates,  and because of 
t h e  e s s e n t i a l l y  complete l a c k  of experimental  d a t a  ( p a r t i c u l a r l y  i n  t h e  
case of tube flow) f o r  c r i t i c a l l y  t e s t i n g  any model, an experimental  
r e sea rch  program w a s  undertaken w i t h  t h e  o v e r a l l  o b j e c t i v e  of determining 
how f i n i t e  homogeneous r e a c t i o n  ra tes  can a f f e c t  energy t r a n s f e r  rates f o r  
t h e  p r a c t i c a l  ca se  of f u l l y  developed tu rbu len t  tuhe  flow. 
Tine 
s t e p s  : 
a. 
approach taken i n  t h i s  i n v e s t i g a t i o n  cons i s t ed  of t h e  fo l lowing  
Se lec t ion  of an a p p r o p r i a t e  homogeneous r e a c t i n g  system f o r  
use  i n  l abora to ry  experiments 
-6- 
b. 
C. 
d. 
e. 
/’ 
f. 
8. 
h. 
i. 
Selection, based on the results of heterogeneous kinetics 
measurements, of those materials of construction whose 
surfaces will neither react with the selected gaseous sys- 
tem at the temperatures and pressures of interest nor alter 
its homogeneous reaction rate (heterogeneous or catalytic 
effect) 
Calculation of the required thermodynamic and transport 
properties (the homogeneous reaction rates of the selected 
system must be well known) 
Design, fabrication, and test (with air) of a recirculating 
flow loop for heat transfer measurements with the selected 
system over the ranges of temperature, pressure, and flow 
rate required for the system to exhibit nonequilibrium 
behavior 
Measurement of the heat transfer rates in the nonequilibrium 
reacting system over a range of temperatures, pressures, and 
flow rates 
Development of an optical probe for measuring the local 
concentration of one of the chemical species participating 
in the reaction 
Development of a fast response temperature sensor for use in 
measuring the local temperature 
Measurement of radial profiles under various heat transfer 
conditions using these instruments 
Analysis of the data obtained from these experiments 
including: comparison of experimental data with the pre- 
dictions of available models, consideration of the exiskence 
of an analogy between turbulent energy and momentum trans- 
port in nonequilibrium reacting systems, estimation and 
comparison of eddy diffusivities, and consideration of the 
-7- 
I 
" ._- I implications of statistical turbulence theory. 
I 
The experimental program undertaken in order to complete these steps 
1 is described in Section 2. The results are presented in Section 3. 
i 
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SECTION 2 
EXPERIMENTAL 
2.1 PROPERTIES OF THE REACTING SYSTEM 
2.1.1 SELECTION OF REACTING SYSTEM 
Based on a survey of the homogeneous kinetics literature and the 
results of selected thermodynamic calculations [ s  (T, P ) ,  A%/RT], the e 
dissociating NO (2 NO2 Z 2 NO + 02) and dissociating NOCl(2  NOCl 2 
! 
2 I 
2 
1 2 NO + C1 )were found to be the most promising candidate systems for use 
in the experimental studies. 
teristic reaction times at temperatures and pressures not far from ambient 
conditions. 
thermal conductivity of each of these systems is expected to be significant. 
Finally, the calculation of the various thermodynamic and transport 
Both systems exhibit the required-charac- 
In addition, the effect of the reaction on the equilibrium 
properties required for the analysis of the heat transfer data was expected 
to be relatively straightforward. In the final analysis, the NO system 
w a s  selected primarily because heterogeneous effects were known to occur 
in the nitrosyl chloride system at higher temperatures, while such effects 
were not expected in the case of the nitrogen dioxide system. Also ,  some 
2 
thermodynamic and transport property data had already been reported for 
the equilibrium reacting NO systen. Other systems which were considered 
but which were ultimately eliminated for various reasons included the 
dissociating N 0 H I ,  NH3, S02C12, and SO systems. 
2.1.2 
2 
2 4' 3 
HETEROGENEOUS EFFECTS ON THE NO2 DECOMPOSITION 
2 
show that the reaction is second order and homogeneous ( 3 3 ) ( 3 4 ) ( 3 5 ) ,  no 
kinetic data were reported for this system in contact with materials such 
Even though the literature on the kinetics of decomposition of NO 
-9 - 
as s t a i n l e s s  steel  - a u s e f u l  material  f o r  cons t ruc t ion  of t h e  h e a t  
t r a n s f e r  loop. 
2 D i f f e r e n t i a l  p re s su re  measurements were made of t h e  rate of NO 
decomposition i n  c o n t a c t  w i t h  va r ious  materials compared t o  i t s  rate of 
decomposition wh i l e  i n  c o n t a c t  w i th  qua r t z  a t  the  same temperature  and 
t o t a l  p re s su re  and i n  t h e  same su r face  t o  volume r a t i o  expected f o r  t h e  
t es t  s e c t i o n  of t h e  hea t  t r a n s f e r  loop. A summary of t h e  
r a t e  cons tan t  d a t a ,  expressed as a r a t i o  of the  homogeneous r a t e  of 
decomposition d iv ided  by t h e  measured i n c r e a s e  i n  t h i s  rate (expressed i n  
terms of a f i r s t  o rder  rate cons t an t )  caused by t h e  presence of a c l e a n  
su r face  of t h e  material  i n  ques t ion  i n  con tac t  w i t h  t h e  NO i s  g iven  i n  2 ’  
Table 2. The s t a i n l e s s  steels,  n i c k e l ,  aluminum, Inconel ,  and plat inum 
were a l l  found t o  l a c k  c a t a l y t i c  a c t i v i t y .  I n  a l l  bu t  t h e  la ter  case ,  a 
p r o t e c t i v e  non-ca ta ly t i c  f i l m  (oxide and/or n i t r i d e )  w a s  formed a t  
temperatures  less than  600°F. The f i l m  appeared t o  be s t a b l e  w i t h  
r e spec t  t o  thermal and mechanical s t r e s s e s  and tended t o  provide  a non- 
c a t a l y t i c  coa t ing  w i t h  r e s p e c t  t o  t h e  NO decomposition. 
. -  - . . _  
-_ . - 
2 
Corrosion tests c a r r i e d  out  w i t h  both 316 s t a i n l e s s  steel  and aluminum 
a t  cv 600 F and 4.6 a t m  i n ’ d r y  NO2 f o r  extended per iods  of t i m e  showed t h a t ;  
o the r  t han  t h e  formation of a s l i g h t l y  d i sco lo red  f i l m  on t h e  s u r f a c e ,  t h e  
s t a i n l e s s  s t e e l  had not changed i n  weight and w a s  no t  corroded.  
o t h e r  hand, t h e  aluminum exh ib i t ed  severe  s u r f a c e  p i t t i n g .  
0 
On t h e  
Based on t h e s e  r e s u l t s ,  316 s t a i n l e s s  s tee l  w a s  s e l e c t e d  f o r  t h e  
material  of cons t ruc t ion  of t h e  test loop, t h e  t o t a l  head probe, and t h e  
s t a t i c  temperature  probe. 
2.1.3 THE THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE DISSOCIATING NO2 
SYSTEM 
The thermodynamic and t r a n s p o r t  p r o p e r t i e s  of both t h e  f r o z e n  and 
equi l ibr ium r e a c t i n g  NO system used i n  t h i s  i n v e s t i g a t i o n  were those  
c a l c u l a t e d  by Svehla and Brokaw (13) (36). 
2 
The p r o p e r t i e s  were t abu la t ed  
0 f o r  temperatures from 300 t o  1280 K i n  20°K increments and f o r  p re s su res  
- io-  
I 
. '  
CATALYTIC EFFECT ON THE NO2 DISSOCIATION OF i 
VARIOUS MATERIALS COMPARED TO QUAELTZ 
I 
L 1 
'T 
10 
- (OC) 
Materia 1 
- (= Hg) k W - 
46 324 49 
40 326 >2 00 
12 7 349 >2 00 
i 316 S t a i n l e s s  S t e e l  
+ Aluminum 
+ 
Nickel 
+ 
Graphite 
+ 
S t e e l  
304 S t a i n l e s s  S t e e l  i 
+ Inconel 
ft 
"Pur e " P la t  i num 
(99.95%) 
+I- Thermocouple Platinum 
(99 -99%) 
64 325 >2 00 
46 325 >2 00 
* 
51 326 1.6 
60 3 2  7 >2 00 
- 
60 332 0.24 
34 32 9 0.68 
114 334 2.4 
I 
I 
56 325 0.92* I 
- *  
327 2.2 44 
70 326 >2 00 
154 325 >2 00 
* 
64 325 6.5 
83 326 >2 00 
66 328 124 
81 33 1 >2 00 
70 32 5 65* 
52 325 >2 00 
* 
+ -1 
*Surface/volume = 0.044 cm". 
Surface/volume = 1.08 cm . 
.I- 
Run was  made without  previously exposing t h e  metai t o  
n i t rogen  dioxide.  
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from 0.01 t o  100 atmospheres. 
of t h e  p r o p e r t i e s  w e r e  t a b u l a t e d  a t  increments  of 1 a t m .  These r e s u l t s  
are i n  good agreement w i t h  those  obta ined  by Fan and Mason (37) f o r  t h e  
same system a t  1 a t m  t o t a l  p ressure .  
(second type)  andJm, i t  w a s  necessary  t o  have va lues  f o r  t he  b inary  
ord inary  molecular d i f f u s i o n  c o e f f i c i e n t s .  These were obta ined  from 
Brokaw and Svehla (36) and Bodman (26). 
I n  t h e  p re s su re  range of 1 t o  11 a t m ,  a l l  
I n  formula t ing  t h e  Damkohler number 
Values of s,, t h e  equ i l ib r ium degree of advancement ( r e l a t e d  t o  the  
f r a c t i o n  d i s s o c i a t e d ) ,  of bo th  t h e  N 0 and NO decompositions i s  shown i n  
F igure  2. Also i n  t h i s  f i g u r e ,  t h e  equi l ibr ium and f rozen  thermal  
c o n d u c t i v i t i e s  are shown f o r  t h e  two d i s s o c i a t i n g  systems as a func t ion  of 
temperature f o r  1 and 10 a t m  t o t a l  p r e s s u r e ,  
2.1.4 
2 4  2 
THE HOMOGENEOUS KINETICS OF THE NO2 REACTING SYSTEM 
2 
r e a c t i n g  system have been measured by a number of d i f f e r e n t  i n v e s t i g a t o r s  
(33)(34)(35)(26).  The d a t a  compiled by Bodman (26) i s  shown i n  F igures  3 
The forward and reverse s p e c i f i c  r e a c t i o n  rate cons t an t s  f o r  t he  NO 
and 4. 
It is  of i n t e r e s t  t o  n o t e  how t h e  f r a c t i o n  of NO decomposed depends 
on t i m e  and temperature .  Calcu la ted  r e s u l t s  obtained f o r  1 a t m  using t h e  
forward r e a c t i o n  rate d a t a  of Rosser and Wise (33), and t h e  equ i l ib r ium 
cons tan t  d a t a  of Giauque and Kemp (38) are g iven  i n  F igure  2 (1). It i s  
apparent  from t h e s e  r e s u l t s  t h a t  t h e  c h a r a c t e r i s t i c  chemical r e a c t i o n  t i m e  
f o r  NO decomposition i s  between 0.1 arid 1 sec  f o r  temperatures  between 
1200°F and 800OF. 
is  increased .  
2 
2 
These t i m e s  are decreased as t h e  t o t a l  system p res su re  
2.2 FLOW SYSTEM 
A number of pre l iminary  c a l c u l a t i o n s  were made us ing  t h e  model of 
Brokaw (13) i n  o rde r  t o  determine t h e  cond i t ions  which must e x i s t  i n  t h e  
hea t  t r a n s f e r  test s e c t i o n  i n  order  f o r  t h e  d i s s o c i a t i n g  NO 
e x h i b i t  nonequilibrium behavior .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s  
system t o  2 
-12- 
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c l e a r l y  showed t h a t  t h e  system must ope ra t e  at temperatures  as h igh  as 
1200°F and over a range  of p re s su res  from 1 t o  10 a t m  f o r  Reynolds numbers 
g r e a t e r  t h a n  3,000 i f  nonequilibrium cond i t ions  were d e s i r e d  i n  t h e  r eg ion  
between t h e  w a l l  and t h e  c o r e  of t h e  tube  flow. A two-inch I .D.  test  
s e c t i o n  s i z e  w a s  chosen i n  order  t h a t  probes wi th  support  tubes  as l a r g e  
as 
d i s t o r t i o n  of t h e  flow. 
2.2.1 PIPING SYSTEM AND GASKETS 
i n  o u t s i d e  diameter  would not cause excess ive  blockage and 
A schematic layout  of t h e  r e c i r c u l a t i n g  t e s t  loop i s  shown i n  
F igure  5. 
The key o v e r a l l  dimensions of t h e  loop, inc luding  t h e  nominal p ipe  s i z e s  
are shown i n  F igure  6. A l l  main p ip ing  connect ions were made w i t h  f l anges  
and " F l e x i t a l l i c "  gaske t s  ( layered chevron cons t ruc t ion  of b lue  a sbes tos  
and s t a i n l e s s  s t ee l )  r a t h e r  t han  screwed connect ions.  
f langed  j o i n t s  w a s  kept  t o  a minimum i n  o rde r  t o  reduce t h e  leakage 
c o n t r o l  problem. 
t o  s tandard  ASME 300 p s i g  des ign  i n  o rde r  t o  account f o r  the  e l eva ted  
A l l  metall ic p a r t s  were 'constructed of 316 s t a i n l e s s  s teel .  
The number of 
Pipe w a l l  and f l ange  th i cknesses  were s e l e c t e d  according 
temperatures  needed a t  t he  maximum expected t e s t  p re s su re  of 150 ps ig .  
Expansion j o i n t s  were r equ i r ed  a t  t h e  several l o c a t i o n s  shown i n  F igu re  5.' 
The p ip ing  system w a s  thoroughly cleaned be fo re  NO 
tac t  wi th  i t .  
w a s  brought i n t o  con- 2 
A s  i s  shown i n  t h e  top  p a r t  of F igu re  5 ,  a plenum s e c t i o n  (conta in ing  
screens ,  s t r a i g h t e n i n g  vanes,  and a contoured con t r ac t ion )  preceded t h e  
t h r e e  po r t ions  of t h e  test  s e c t i o n  and w a s  designed t o  p rope r ly  prepare  
t h e  flow f o r  i t s  passage i n t o  the  tes t  s e c t i o n .  
2.2.2 TURBOBLOWER WITH MECHANICAL SMPT SEAL 
The prime mover f o r  t h e  system w a s  a 3 horsepower, 4 bear ing ,  overhung 
turboblower* r a t e d  a t  100 ICFM f o r  1 p s i  w i t h  gas of s p e c i f i c  g r a v i t y  equa l  
t o  1.588 a t  800°F and'175 p s i a  (an approximation t o  the  upper ope ra t ing  
* 
Manufactured by t h e  Spencer Turbine Co., Eew Haven, Conn. 
-16- 
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l i m i t  a n t i c i p a t e d  w i t h  t h e  NO 
f langed i n l e t  and o u t l e t  connect ions and w a s  a l s o  provided w i t h  a 1" 
bypass l i n e  valved so as t o  provide flow rate c o n t r o l  down t o  ve ry  low 
f low rates. 
"Varidrive" v a r i a b l e  speed motor system d i r e c t l y  coupled t o  t h e  blower 
s h a f t  . 
system a t  t h e  blower).  The blower had 4" 2 
Primary c o n t r o l  of t h e  flow rate was accomplished w i t h  a 
The seal  between t h e  h o t  r e a c t i n g  gases  i n  the blower s h e l l  (at 
p re s su res  t o  10 a t m )  and atmospheric a i r  w a s  accomplished w i t h  a mechanical 
seal (Sea lo l  #605 double  bel lows seal) cooled e x t e r n a l l y  w i t h  water and 
a t t ached  t o  t h e  r o t a t i n g  s h a f t  of t h e  blower. The gas  seal  occurred a t  
t h e  i n t e r f a c e  between a pol i shed  g r a p h i t e  r i n g  r o t a t i n g  aga ins t  a pol i shed  
. - _ _  
S t e l l i t e  su r f ace  f i x e d  t o t h e  blower s h e l l .  
i n  e f f e c t i n g  an adequate seal u n t i l  va r ious  design modi f ica t ions  were made 
Great d i f f i c u l t y  w a s  encountered 
_ _ _ _ _ _ _ _ _ ~  - _  - - - ._ - _ _  . I - .  
t o  t h e  seal  housing, t h e  mounting p l a t e s ,  t h e  s t a t i c  gaske ts ,  and t h e  
bellows suppor ts .  Also,  i t  w a s  found t h a t  t h e  alignment i n  a l l  d i r e c t i o n s  
of t h e  seal and s h a f t  re la t ive  t o  t h e  blower s h e l l  w a s  an  extremely 
c r i t i c a l  f a c t o r  i n  achiev ing  t h e  seal. The blower i s  now capable  of 
running f o r  extended pe r iods  of t i m e  w i th  i t s  s h e l l  heated t o  a temperature  
as high as 725'F wi thout  any s i g n i f i c a n t  leakage a t  t h e  seal .  What s m a l l  - 
NO 
d i s s o l v e s  i n  t h e  seal  coo l ing  water flow and passes  t o  t h e  d r a i n .  
leakage does occur a t  t h e  seal  i s  not  a hazard as t h e  gas r e a d i l y  2 
A view of t h e  turboblower i s  shown i n  t h e  foreground of F igure  7. 
This  f i g u r e  shows t h e  system before  a d d i t i o n  of t h e  hea t ing  elements ,  
ins t rumenta t ion ,  coo l ing  l i n e s ,  guard h e a t e r s ,  etc.  The lower p o r t i o n  of 
t h e  tes t  s e c t i o n  and t h e  e x i t  plenum are v i s i b l e  i n  the  background. 
level p la t form system w a s  b u i l t  i n  order  t o  provide access t o  t h e  v a r i o u s  
p a r t s  of t h e  ve r t i ca l  s e c t i o n s .  A view of t h e  system a f t e r  t h e  i n s u l a t i o n  
and cool ing  l i n e s  had been i n s t a l l e d  i s  shown i n  F igure  8. 
2.2.3 HEATING AND ASSOCIATED CONTROLS 
A two 
The h e a t i n g  w a s  accomplished w i t h -  30 kw of a c  power suppl ied  t o  
nichrome wire embedded i n  semi -cy l ind r i ca l  annular  elements cast from 
-19 - 
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alumina. The h e a t i n g  elements  were each  1 f o o t  long, conformed c l o s e l y  t o  
t h e  ou t s ide  dimensions of t h e  p ipe ,  and were capable  of d i s s i p a t i n g  N 1 kw 
of e lec t r ica l  power. The g e n e r a l  d i s t r i b u t i o n - a r o u n d  t h e  p ip ing  system i s  
shown i n  F igu re  5. The f i v e  1-foot  long hea t ing  elements i n  t h e  c e n t e r  
tes t  s e c t i o n  w e r e  c o n t r o l l e d  by proportional-mode type c o n t r o l l e r s  so  as 
t o  produce a d e s i r e d  back w a l l  temperature  (kept cons t an t  a long t h e  t e s t  
s e c t i o n  length) .  
s e c t i o n s  w e r e  c o n t r o l l e d  manually w i t h  au to t ransformers .  
c o n t r o l l e r s  and a l a r g e  au to t ransformer  w e r e  used t o  c o n t r o l  t h e  p rehea te r  
elements. The "f ine" or t r i m  h e a t e r  l oca t ed  a t  t h e  en t r ance  t o  the  t o p  
plenum w a s  c o n t r o l l e d  by a Leeds & Northrup c o n t r o l l e r  con ta in ing  
p ropor t iona l ,  reset and rate modes of c o n t r o l .  Control  of t h e  bulk  gas 
temperature  e n t e r i n g  t h e  top  plenum w a s  b e t t e r  t han  f 1 F. 
t h e  e lec t r ica l  power c o n t r o l  pane l  i n  t h e  e a r l y  s t a g e s  of assembly of t h e  
system is  shown i n  F igu re  7. 
The o t h e r  t e n  hea t ing  elements i n  the en t r ance  and ex i t  
Both on/of f 
0 A p o r t i o n  of 
Several  of t h e  cast alumina hea t ing  elements used on t h e  tes t  s e c t i o n  
(nominal 2" 'double extra heavy p ipe  honed out  t o  1.952" on the  I . D . )  were 
provided wi th  ho le s  i n  o rde r  t o  provide access  f o r  t h e  probe ho lde r s  and 
thermocouples spo t  welded t o  t h e  back w a l l  of t h e  pipe.  Numerous 
Chromel-Alumel thermocouples were loca ted  throughout t h e  system i n  o rde r  
t o  monitor t h e  temperature  and i n  o rde r  t o  a d j u s t  t he  manual c o n t r o l s  
accordingly.  
2.2.4 NUCLEATE BOILING HEAT EXCHANGER 
I n  order  t o  coo l  t h e  gas  leav ing  t h e  e x i t  plenum down t o  a temperature  
compatible wi th  t h e  turboblower,  a 2" tube  i n  12'' s h e l l  hea t  exchanger 
connected i n  p a r a l l e l  w i t h  a b a l l  valve c o n t r o l l e d  4" bypass l i n e  w a s  
i n s t a l l e d  upstream of t h e  turboblower i n l e t .  
p re s su re  c o n t r o l l e d  t o  25 p s i g  was found adequate  f o r  t h e  va r ious  expe r i -  
ments so f a r  completed. The l i q u i d  l e v e l  i n  t h e  s h e l l  w a s  au tomat i ca l ly  
c o n t r o l l e d  so  as t o  main ta in  a l e v e l  above the  t o p  of t h e  c e n t e r  2"  pipe .  
The s h e l l  w a s  designed s o  as t o  wi ths tand  p res su res  as high as 21)O p s i g ,  
Boi l ing  water  w i t h  t h e  steam 
-22 - 
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t h u s  pe rmi t t i ng  a much l a r g e r  cool ing  c a p a c i t y  than  w a s  a c t u a l l y  found 
_ -  -~ - _. .__. - - 
nece s s ar y . I 
A l l  p o r t i o n s  of the p ip ing  system were i n s u l a t e d  w i t h  a 4" t h i ckness  
of magnesia i n s u l a t i o n .  
i n s u l a t i o n  was wrapped around t h e  turboblower s h e l l  as w e l l .  
An approximately 2" t h i c k  b lanket  of magnesia 
2.2.5 PROBE H9LDERS AND ASSOCIATED SEALS 
I n  F igure  9 t h e  l o c a t i o n  of t h e  h e a t i n g  elements,  i n s t rumen ta t ion  
probes,  s ta t ic  p res su re  t a p s ,  and t h e  t r i p  p l a t e  are shown. Also,  a 
number of t h e  important  dimensions are shown i n  t h i s  f i g u r e .  
Each of t h e  probes used t o  ob ta in  t h e  r a d i a l  p r o f i l e s  (TC, PT, and OP) 
w a s  i n s t a l l e d  i n  a probe holder  assembly. 
of t h i s  assembly w a s  s ea l ed  w i t h  a s m a l l  " F l e x i t a l l i c "  gaske t  t o  t h e  t es t  
The ou te r  c y l i n d r i c a l  housing 
s e c t i o n  w a l l .  
s ea l ed  t o  t h e  probe w i t h  a compression f i t t i n g  which was i n  t u r n  sea l ed ,  
The assembly i t s e l f  c o n s i s t e d  of a b a r r e l  s t a t i c a l l y  
w i t h  two Viton A O-rings i n  tandem, t o  t h e  c y l i n d r i c a l  housing. The 
O-rings provided a s l i d i n g  seal .  The c r o s s  s e c t i o n  of t h e  c y l i n d r i c a l  
housing was s i g n i f i c a n t l y  reduced i n  t h e  immediate v i c i n i t y  of t h e  t e s t  
s e c t i o n  w a l l .  A t  t h a t  p o i n t  a guard h e a t e r  w a s  i n s t a l l e d  i n  o rde r  t o  mini- 
mize t h e  l o s s  of h e a t  froit? t h e  t e s t  s e c t i o n  w a l l  by conduction t o  t h e  
ambient surroundings and t o  assist i n  main ta in ing  a uniform temperature  on 
t h e  i n s i d e  of t h e  tes t  s e c t i o n  w a l l  a t  t h e  probe e n t r y  po in t .  
t u r e  of t h e  c y l i n d r i c a l  housing near i t s  f langed end a t  t h e  tes t  s e c t i o n  
w a l l  w a s  monitored w i t h  a thermocouple. 
e lec t r ica l  r e s i s t ance - type  guard h e a t e r  w a s  manually adjustec! so  t h a t  t h i s  
temperature  w a s  comparable t o  t h a t  measured a t  t h e  o u t s i d e  w a l l  of t he  
tes t  sec t ion .  
f i t t e d  t o  t h e  o u t s i d e  of t h e  c y l i n d r i c a l  housing i n  order  t o  main ta in  t h e  
temperature  i n  t h e  v i c i n i t y  of the  O-rings a t  a l e v e l  which would i n s u r e  
t h e i r  proper  functioni'ng as seals (< 400'F). 
f i t t e d  wi th  a c a l i b r a t e d  d r i v e  system and displacement gauge s e n s i t i v e  t o  
t r a n s l a t i o n s  of 0.001". 
The tempera- 
The e l e c t r i c a l  power t o  t h e  
Fa r the r  back from t h e  guard hea te r  a small  cool ing  c o i l  w a s  
Each probe assembly was 
The e n t i r e  ensemble made i t  p o s s i b l e  t o  o b t a i n  
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reasonable  r a d i a l  p r o f i l e  d a t a  under q u i t e  h o s t i l e  condi t ions .  
2.3 INSTRUMENTATION 
2.3.1 PRESSURE AND PRESSURE DIFFERENCE MEASUREMENTS 
Since t h e  vapor  p r e s s u r e  of t h e  NO system i s  such t h a t  a t  10 a t m  2 I 
t o t a l  p re s su re  t h e  b o i l i n g  p o i n t  of l i q u i d  N 0 -NO2 is on the  order  of 
800C, 'care  had t o  be taken  t o  i n s u r e  t h a t  l i q u i d  d r o p l e t s  d id  not o b s t r u c t  
t he  p re s su re  l i n e s  connected t o  t h e  system. 
connect ing each p r e s s u r e  l i n e  t o  a d r i p  pot  assembly (18) a t  a p o i n t  c l o s e  
t o  t h e  flow system i t s e l f  and by guard hea t ing  t o  over 100°C t h e  in t e rconnec t ing  
p res su re  l i n e  between t h e  system and the  d r i p  pot as w e l l  as t h e  d r i p  pot  
i t s e l f .  The p res su re  l i n e  connect ing the  d r i p  po t  t o  t h e  p re s su re  sensor  
was i n  each case of cons ide rab le  length .  A t  t he  start  of each experiment 
t hese  l i n e s  were f i l l e d  w i t h  d r y  N 
t h e  sensor  and t h e  d r i p  pot .  
t h e  sensor  loca t ion .  I n  soae cases, e r r a t i c  p re s su re  d i f f e r e n c e  measure- 
ments were thought t o  be caused by t h e  hold-up of l i q u i d  N 0 -NO2 i n  t h e  
p re s su re  l i n e s ,  p o s s i b l y  a t  some po in t  between t h e  d r i p  pot  and t h e  sensor .  I 
When e r r a t i c  r e s u l t s  w e r e  being obta ined ,  t h e  simple expedient  of purging 
w i t h  N under p r e s s u r e  was used t o  clear t h e  l i n e s .  This  u sua l ly  r e s t o r e d  
t h e  system t o  i t s  normal cond i t ion .  
2 4  
This  w a s  accomplished by 
_ -  - - . . .  - .. . . . -~ 
i n  order  t o  provide a bu f fe r  between 
I n  no experiment was NO vapor de t ec t ed  a t  
2 
2 
/ 
2 4  1 
1 
2 
Tota l  system p r e s s u r e  measurements were made w i t h  p r e c i s i o n  s t a i n l e s s  
A l l .  p r e s s u r e  d i f f e r e n c e  measurements were made s t ee l  bourdon tube  gauges. 
w i t h  the  s p e c i a l l y  designed nul l ing- type  micromanometer shown i n  F igu re  10. 
Water w a s  used as t h e  displacement  f l u i d .  
w i t h i n  0.001". 
w i t h  t h i s  device.  
c a p i l l a r y  tube  could be made. 
d i f f e r e n c e s  w a s  r equ i r ed  f o r  t h e  de te rmina t ion  of mass f low rates w i t h  t h e  
a i d  of t h e  o r i f i c e  p l a t e  i n s t a l l e d  downstream of t h e  blower o u t l e t ,  f o r  
t he  de te rmina t ion  of t h e  s t a t i c  p res su re  drop down t h e  test  s e c t i o n  (s ta t ic  
p res su re  ho le s  i n  t h e  test  s e c t i o n  w a l l  were 0.0135" i n  d iameter ) ,  and f o r  
Displacements w e r e  measured t o  
T o t a l  displacements  of up t o  8 inches  could be measured 
Both f i n e  and coa r se  t r a n s l a t i o n s  of t h e  s lop ing  g l a s s  
Accurate measurement of small p re s su re  
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the determination of the local velocity in the test section with the aid 
of the total head tube and appropriately located static pressure tap (see 
Figure 9). 
The orifice plate was of standard square edge design (orifice flange 
with orifice diameter of 2.15" - flange installed in a nominal 3" schedule 
40 pipe). 
standard stainless steel hypodermic tubing (outside diameter a 0.050" or 
0.065", internal diameter 0.034" or 0.040",  respectively). 
2.3.2 MEAN TEMPERATURE AND HEAT FLUX MEASUREMENTS 
The sensing end of the total head tube was constructed of 
The time-average radial temperature profiles were measured with a butt 
welded exposed junction of Chromel-Alumel thermocouple wire. 
were sealed in a stainless steel support tube filled with magnesia and 
swaged to effect a pressure tight seal around each of the wires. In some 
of the latter experiments, the fast response thermocouple probe (see 
Section 2 .3 .3 )  was also used for time-average profile measurements. 
consisted of an exposed junction of Platinum/Platinum-10% Rhodium. 
The wires 
It 
In 
both cases the junction was in the shape of a sphere several times larger 
than the supporting wire diameter. The sizes for the Chromel-Alumel 
couple were: 
and junction diameter = 0.020". All temperatures were measured with a 
precision potentiometer (Leeds and Northrup Model K-3). The overall 
accuracy of the time-average temperature measurements was estimated to be 
within 0. 1°F. 
sheath outside diameter = 0.062", wire diameter = 0.011", 
Wall heat fluxes were determined by measuring the electrical power 
dissipated in e 1 foot long heating element (consisting of two semi- 
cylindrical halves) located just upstream of the probe insertion position 
in the center test section (see Figure 9 ) .  Longitudinal losses in the test 
section wall were accounted for with the aLd of axial back wall temperature 
measurements via spot-welded thermocouples (leads from the junction were 
"guard heated" by being eligned with and attached t o  the back wall for 
several inches away from the junction). Losses through the four inch 
-27-  
t h i ckness  of magnesia i n s u l a t i o n  were accounted f o r  by measuring t h e  
temperature a t  two d i f f e r e n t  depths  i n  the  i n s u l a t i o n .  I n s i d e  w a l l  
temperatures  a t  t h e  s t eady  s ta te  were determined by c a l c u l a t i o n  knowing 
t h e  ne t  hea t  f l u x  i n t o  t h e  test s e c t i o n  w a l l ,  t h e  back w a l l  temperature ,  
t h e  w a l l  t h i ckness ,  and t h e  dependence on temperature  of t h e  thermal  
conduc t iv i ty  of t h e  w a l l  material..  An i n d i c a t i o n  of how t h e  t o t a l  power 
consumed by one h e a t i n g  element v a r i e d  wi th  t i m e  dur ing  t h e  course  of a n  
experiment i s  shown i n  F igu re  11. Note t h a t  approximately fou r  hours  w e r e  
r equ i r ed  f o r  t h e  hea t  f l u x  t o  se t t le  down t o  a reasonably s teady  va lue .  
Considering t h e  u n c e r t a i n t y  a s soc ia t ed  w i t h  the  c o r r e c t i o n s ,  w e  estimate 
t h a t  t h e  hea t  f l u x e s  were known t o  w i t h i n  10% (at b e s t ) .  
2.3.3 THE FAST RESPONSE THERMOCOUPLE PROBE Ah3 ASSOCIATED ELECTRONICS 
The sensor  s e l e c t e d  f o r  u se  i n  measuring t h e  f l u c t u a t i n g  temperature  
2 and i t s  dependence on frequency i n  t h e  h igh  temperature  r e a c t i n g  NO 
system was a f a s t  response thermocouple based on t h e  des ign  of Sesonske 
and coworkers (39)(40) .  
F igure  12. 
frequency response should be good out  t o  10 k Hz ( 3 9 ) .  
s i g n a l  from t h e  thermocouple probe w a s  amplif ied by a low no i se  ampl i f i e r  
modified so  as t o  have a g a i n  of 12,600:l (41)(42). 
a m p l i f i e r  was independent of frequency i n  t h e  range 10 Hz t o  
1 k Hz. 
w a s  found t o  be on t h e  o rde r  of 0.01 t o  0.05 microvol t s .  
levels w i t h  t h e  c o r r o s i o n  r e s i s t a n t  Platinum/Platinum-10% Rhodium thermo- 
couple  were on t h e  o rde r  of 20 t o  > 100 microvol ts .  The d a t a  from t h e  
probe/ampl i f ie r  system w a s  processed according t o  t h e  methods o u t l i n e d  by 
Rust ( 4 3 ) .  
are shown i n  F igure  13. 
used i n  ob ta in ing  t h e  s p e c t r a l  information i s  shown i n  F igure  14. 
RMS meter was used t o  o b t a i n  t h e  wide band, or  t o t a l ,  r m s  f l u c t u a t i n g  
temperzture.  The arrangement of t h e  e l e c t r o n i c  in s t rumen ta t ion  f o r  
process ing  the  d a t a  i s  similar t o  t h a t  used i n  conjunct ion  w i t h  t h e  
The form used i n  t h i s  i n v e s t i g a t i o n  i s  s h o m  i n  
The j u n c t i o n  s i z e  i s  expected t o  be s m a l l  enough s o  t h a t  i t s  
The f l u c t u a t i n g  dc 
. 
The output  of t h e  
- -~ . - _ _ _  _ _  - _ _  ~~~ 
~~ - - - - - - - - - .  .-- - _ _ _ _ _  - 
The narrow band no i se  w a s  measured over t h i s  frequency range and 
Input  s i g n a l  
The e l e c t r o n i c  ins t ruments  used t o  c a r r y  out t h e  d a t a  process ing  
A band width c a l i b r a t i o n  f o r  t h e  wave analyzer ,  
A t r u e  
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i 
o p t i c a l  probe system (see Sec t ion  2 . 3 . 4 ) .  
2 . 3 . 4  THE OPTICAL 
Lambert-Beers i \ 
PROBE SYSTEM FOR MEASUREMENT O F  LOCAL NO2 CONCENTRATIONS 
abso rp t ion  l a w ,  
w a s  t h e  b a s i s  f o r  t h e  des ign  of a l i g h t  abso rp t ion  system capable  of 
measuring t h e  l o c a l  NO concen t r a t ion  i n  t h e  h igh  temperature  flow system 2 
i n  which t h e  t o t a l  gas  p r e s s u r e  could reach  va lues  as high as 150 p s i g .  * 
An o p t i c a l  probe system used f o r  making l o c a l  t r ansmi t t ance  measure- 
ments i n  dye and water f lows a t  - 25OC and 1 a t m  has  been descr ibed  by 
Brodkey and coworkers ( 4 4 ) ( 4 5 ) .  The system and probe des ign  developed f o r  
use  i n  t h i s  i n v e s t i g a t i o n  w a s  s i g n i f i c a n t l y  d i f f e r e n t  than  t h a t  used by 
Brodkey and coworkers. 
system w i t h  h igh  s i g n a l  t o  no i se  r a t i o  c h a r a c t e r i s t i c s  and good s t a b i l i t y .  
The o p t i c a l  system used i n  t h i s  i n v e s t i g a t i o n  i s  shown i n  F igu res  15 
It i s  a d u a l  beam (sample and r e fe rence ) ,  chopped 
and 16. Radiant  energy emi t t ed  by t h e  tungs t en  i o d i n e  l i g h t  source (A) is ' 
div ided  i n t o  two s e p a r a t e  channels ,  r e f e r e n c e  and sample, by the  cubic  
beamsp l i t t e r  (B). 
brought t o  a common focus  on t h e  f a c e  of t h e  pho tomul t ip l i e r  tube  (I). I n  . 
order  €or  t h e  PMT t o  receive both  r e f e r e n c e  and sample s i g n a l s  a l t e r n a t e l y ,  
a r e f l e c t i v e  chopper i s  i n s e r t e d  i n  t h e  system near  t h e  PMT. 
a l t e r n a t e s  pass ing  t h e  sample s i g n a l  and r e f l e c t i n g  t h e  r e fe rence  s i g n a l  
f o r  equal  amounts of t i m e .  
Af t e r  t r a v e r s i n g  t h e  two o p t i c a l  pa ths ,  t h e  energy i s  
The chopper 
The sample channel  which con ta ins  t h e  o p t i c a l  tes t  probe f o r  t h e  
concen t r a t ion  measurements absorbs a s i g n i f i c a n t l y  l a r g e r  amount of r a d i a -  
t i o n  than  t h e  r e f e r e n c e  channel .  Consequently, i t  r e q u i r e s  a g r e a t e r  
amount of i npu t  r a d i a t i o n  i f  a ba lance  between t h e  two channels  i s  t o  be 
obtained a t  t h e  PMT. The beamsp l i t t e r  t r ansmi t s  more energy than  i t  
r e f l e c t s ;  t h e r e f o r e ,  i t  i s  pos i t i oned  so  t h a t  t h e  r e fe rence  channel 
receives t h e  r e f l e c t e d  r a d i a t i o n  and t h e  sample channel  r e c e i v e s  t h e  t r a n s -  
i 
' Jc 
= 8 0 for 3000 < X < 5000 angstroms. 'NO O2 
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mit t ed  r a d i a t i o n .  
The o p t i c a l  test  probe c o n s i s t s  of g l a s s  f i b e r  bundles,  p l a s t i c  
f i b e r s ,  t apered  l i g h t  p ipes ,  and p l a s t i c  f i b e r  bundles used as i n p u t  and 
output  o p t i c a l  l eads .  
i t s e l f  i s  shown i n  F igu re  17. 
The gap between t h e  o p t i c a l  f i b e r  bundles w a s  - 0.010'' ( the  exac t  gap w a s  
d i f f e r e n t  f o r  each probe made). 
0.025". 
tube - 12" long. 
t h e  h igh  temperature  g l a s s  t o  the  f l e x i b l e  f i b e r  l i n e s  used t o  connect t h e  
probe t o  t h e  o p t i c s  w a s  made w i t h  t h e  p l a s t i c  f i b e r s  and tapered  l i g h t  
p ipes  i n  t h e  r ec t angu la r  housing shown i n  F igure  17. 
used t o  f i x  t h e  gap width a t  t h e  sens ing  end (Figure 18). 
The o v e r a l l  con f igu ra t ion  of t h e  o p t i c a l  probe 
The probe t i p  reg ion  i s  shown i n  F igure  18. 
The o p t i c a l  f i b e r  bundle diameter w a s  
The bundle p a i r  w a s  contained i n  0.25" O.D. 316 s t a i n l e s s  steel  
The t r a n s i t i o n  from t h e  s t i f f  f i b e r  bundles con ta in ing  
C e r a m i c  cement w a s  
It w a s  found 
necessary t o  thermal ly  cond i t ion  the  probe sens ing  end a t  h igh  temperature  
' i n  o rde r  t o  o b t a i n  s t a b l e  performance c h a r a c t e r i s t i c s .  
I n  a d d i t i o n  t o  t h e  appara tus  d iscussed  above, t he  sample channel  a l s o  
con ta ins  two l e n s  assembl ies ,  (J) and (N) .  Lens assembly (N) focuses  t h e  
r a d i a t i o n  from t h e  source  a t  t h e  end of t he  input  o p t i c a l  l ead ,  and l e n s  
assembly (J) focuses  t h e  r a d i a t i o n  emerging from t h e  output  f i b e r  lead  on 
t h e  f a c e  of t h e  PMT. The l e n s  assemblies  (J) and (N) have f o c a l  lengths  
of 2.3 inches  and 1.3 inches ,  r e s p e c t i v e l y .  
The r e fe rence  channel  i s  similar t o  t h e  sample channel ,  except  f o r  
t h e  a d d i t i o n  of two i r i s  disphragms and t h e  lack  of an o p t i c a l  probe. The 
i r i s  disphragms are used t o  balance t h e  two s i g n a l s  by c o n t r o l l i n g  t h e  
amount of l i g h t  pass ing  through t h e  r e fe rence  channel.  
To enhance t h e  performance of t h e  e l e c t r o n i c  system, an even level of 
i l l u m i n a t i o n  was maintained a t  t h e  s u r f a c e  of t h e  PMT 5y  forming n e a r l y  
i d e n t i c a l  images a t  t h e  PMT face .  Since t h e  image of t h e  sample channel  w a s  
formed w i t h  a f i b e r  bundle end as t h e  o b j e c t ,  a f i b e r  bundle (E) has  been 
used i n  t h e  r e fe rence  channel.  The f i b e r  bundle has  t h e  same e f f e c t i v e  
1/8 inch  diameter as t h e  input -output  l eads  of t h e  o p t i c a l  probe and has a 
-36 - 
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l eng th  of 6 f e e t ,  approximately t h e  same as t h e  pa th  l eng th  of t h e  probe 
w i t h  l eads  (K) and (M) a t t ached .  
The l e n s  assembly (C) focuses  t h e  energy of t h e  source  onto  t h e  end 
of t h e  f i b e r  bundle.  The assembly c o n s i s t s  of two s i n g l e  convex l enses  
w i t h  an  e f f e c t i v e  f o c a l  l eng th  of 2.7 inches.  
Af t e r  pas s ing  through t h e  f i b e r  bundle, the energy i s  focused on t h e  
f a c e  of t h e  PMT by means of l e n s  assembly (G) which a l s o  has  a n  e f f e c t i v e  
f o c a l  length  of 2.7 inches.  
I n  a d d i t i o n  t o  t h e  two channels ,  a l i g h t  emi t t i ng  diode (LED) i s  used 
i n  combination wi th  a f i e l d  e f f e c t  t r a n s i s t o r  and chopper f o r  synchronous 
demodulation. An o p t i c a l  f i l t e r ,  l oca t ed  i n  f r o n t  of t h e  pho tomul t ip l i e r ,  
e l imina te s  extraneous LED r a d i a t i o n  from reaching  it .  The f i l t e r  a l s o  
shapes t h e  s p e c t r a l  composition of t h e  l i g h t  s t r i k i n g  t h e  pho-tomultiplier 
tube.  
The s p e c t r a l  c h a r a c t e r i s t i c s  of t he  photomul t ip l ie r  tube  and t h e  
f i l t e r  are shown i n  F igu re  19 .  The a s s o c i a t e d  e l e c t r o n i c s  layout  i s  
shown i n  F igu re  20." With t h e  system so  arranged t h e  s i g n a l  t o  n o i s e  r a t i o  
of t he  e n t i r e  system w a s  on t h e  order  of 2 5 0 : l w h i c h  w a s  q u i t e  adequate  - 
f o r  t h e  measurements of bo th  t h e  t ime-average and f l u c t u a t i n g  concentra-  
t i o n s .  The e l e c t r o n i c  ins t ruments  used w i t h  the  o p t i c a l  probe are shown 
assembled i n  F igu re  13.*" 
J. 
Measurements of t h e  e x t i n c t i o n  c o e f f i c i e n t  sN02(h,T) were made w i t h  a 
p a i r  of 0.25" qua r t z  rods  i n  p l ace  of t he  o p t i c a l  f i b e r  probe. 
measurements were made w i t h  NO 2 
of a 1 f o o t  long s e c t i o n  of t h e  same p ipe  material used i n  t h e  test 
The 
contained i n  a s t a t i c  r e a c t o r  c o n s i s t i n g  
sec t ion .  I n  F igure  21, t he  o p t i c a l  housing system i s  shown w i t h  t h e  
l i g h t - t i g h t  cover p l a t e s  removed. Liquid N 0 -NO w a s  vapor ized  i n t o  t h e  2 4  2 
* 
The f i l t e r e d  outEut - of t h e  synchronous demodulator w a s  d i r e c t i y  
p ropor t iona l  t o  Eo-E ,  t h e  t ime-average vo l t age  d i f f e r e n c e  corresponding 
t o  t h e  r e fe rence  and sample beams, r e s p e c t i v e l y .  ** 
Beutra l  d e n s i t y  f i l t e r s  were used i n  t h e  t ransmi t tance  c a l i b r a t i o n  of t h e  
system. 
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s t a t i c  r e a c t o r  t o  t h e  d e s i r e d  p res su re .  Temperature w a s  c o n t r o l l e d  with-  
r e s i s t a n c e  h e a t e r s  around t h e  o u t s i d e  of t h e  r e a c t o r .  The d i s t a n c e  between 
I the pol i shed  and o p t i c a l l y  f l a t  ends of t h e  qua r t z  rods  w a s  measured t o  
I 
0.001" w i t h  a p r e c i s i o n  displacement  gauge. 
w i t h  t h i s  system were commenced only  a f t e r  s u f f i c i e n t  t i m e  had been 
allowed t o  e l a p s e  (Figure 2) so  t h a t  chemical equ i l ib r ium would be expected 
t o  p r e v a i l  throughout t h e  gas  i n  t h e  s t a t i c  r e a c t o r .  
r e s u l t s *  obta ined  f o r  2 ,  5, and 10 a t m  t o t a l  p re s su re  and temperatures  t o  
Measurements of t r ansmi t t ance  i 
The 4360 angstrom 
90'K are shown i n  F igu re  22 and Table  3 .  The r e s u l t i n g  e x t i n c t i o n  
c o e f f i c i e n t  d a t a  are shown i n  F igu re  23 compared t o  t h e  scatter of t h e  
d a t a  of Schot t  and Davidson (46)(47). The r e s u l t s  are comparable. 
2.4 FLOW SYSTEM OPERATION 
2.4.1 START-UP 
1 
A b r i e f  summary of t h e  most important  s t e p s  involved i n  t h e  s t a r t - u p  
of t he  flow system i s  as fo l lows:  I 
I I 
I 1. Checkout of a l l  ins t rur ren ts  f o r  proper func t ion ing  
2. Evacuation of t he  system (with a j e t  e j e c t o r )  t o  a p re s su re  
I 
of less than  0.1 a t m  t 
3 .  A l l  e l e c t r i c a l  r e s i s t a n c e  h e a t e r s  tu rned  on ( temperature  of 
0 p ip ing  system i n  p rehea t  s e c t i o n s  kept  < 1400 F) 
4. Guard h e a t e r s  on probe h o l d e r s  tu rned  on 
5. Cooling water t o  coo l ing  c o i l s  on probe ho lde r s  turned on 
6 .  Pressu re  l i n e s  between t h e  f low system and t h e  micromano- 
meter and t h e  Bourdon gauges f i l l e d  w i t h  d ry  n i t rogen  t o  a 
p res su re  s l i g h t l y  exceeding t h e  d e s i r e d  p res su re  f o r  t h e  
experiment 
7. Liquid N 0 -NO vapor ized  i n t o  system a t  t h e  r a t e  of - 1 2 4  2 
* 
Obtained us ing  a narrow band Bausch and Lomb i n t e r f e r e n c e  f i l t e r .  
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8. 
9.  
10. 
11. 
12. 
p s i  i n c r e a s e  i n  t o t a l  system p res su re  pe r  minute 
Cooling water t o  t h e  mechanical seal  housing of t h e  
turboblower turned  on when t o t a l  NO gas p re s su re  i n  
t h e  system reaches  5 p s i g  
Turboblower turned on 
2 
Temperature c o n t r o l l e r s  a d j u s t e d  t o  g ive  t h e  d e s i r e d  tempera- 
t u r e s  i n  t h e  bulk  gas  and a t  t h e  back w a l l  of t h e  test  
s e c t i o n  
Heat f l u x  and w a l l  t empera tures  monitored u n t i l  a 
s t eady  s ta te  i s  reached 
S t a r t  experimental  measurements. 
From four  t o  s i x  hours  were u s u a l l y  r equ i r ed  f o r  t h e  completion of s t e p s  
2 through 11. 
2.4.2 SHUT-DOWN 
A b r i e f  summary of t h e  most important  s t e p s  involved i n  t h e  shut-down 
of t h e  f low system i s  as fol lows:  
1. A l l  e l ec t r i ca l  power t o  t h e  h e a t e r s  shut  o f f  except f o r  
t h a t  t o  t h e  probe holder  guard h e a t e r s  and t o  t h e  d r i p  
p o t s  
2. Vent ho t  gaseous NO2 u n t i l  t o t a l  system p res su re  drops t o  
1 a t m  
3.  Stop t h e  turboblower 
4 .  Drain t h e  water from t h e  mechanical seal housing; neut ra -  
l i z e  any r e s i d u a l  a c i d  w i t h  an  aqueous sodium bicarbonate  
s o l u t i o n  
5. Vent va lve  c losed ;  system evacuated w i t h  the  j e t  e j e c t o r  
(dr iven  w i t h  water under p re s su re )  
-47 - 
6. 
Steps  1 
... - 
Purging of t h e  system cont inued f o r  - 12 hours  w i t h  room 
air  e n t e r i n g  t h e  system through t h e  micromanometer 
p r e s s u r e  l i n e s ;  d r i p  pot  and probe holder  guard h e a t e r s  
l e f t  on u n t i l  t h e  end 
through 5 u s u a l l y  t a k e  
of t h i s  purging. 1 
l e s s  t han  one hour t o  complete. 
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SECTION 3 
RE SULT S 
3.1  DATA REDUCTION 
1 A l l  t h e  equa t ions  r equ i r ed  f o r  reducing t h e  d a t a  t o  forms cons idered  
i n  subsequent s e c t i o n s  are g iven  e i t h e r  i n  Appendix 1 o r  i n  t h e  Nomencla- 
t u r e .  
de r ived  f o r  t h e  r e a c t i o n  2 A Z  3 U which i s  a reasonable  model of t h e  
d i s s o c i a t i n g  NO system as shown by Bodman (26).  
3.2 REDUCED DATA 
11NO2 ' was The c h a r a c t e r i s t i c  r e a c t i o n  t i m e  parameter ,  Jiiior NDa 
2 
The reduced d a t a  from both  t h e  a i r  and NO experiments ( the  former 
are denoted w i t h  a s u f f i x  A- ,  t h e  l a t te r  w i t h  a s u f f i x  N-) are g iven  i n  
2 
Tables  4 t o  14. A l l  NO system thermodynamic and t r a n s p o r t  p r o p e r t i e s  I 
2 
(Sect ion 2.1) used t o  reduce t h e  d a t a  from t h e  NO 
forms considered i n  subsequent s e c t i o n s  cons i s t ed  of ' t he  equi l ibr ium 
va lues  un le s s  s p e c i f i c a l l y  noted o therwise  w i t h  the  s u b s c r i p t  5 ( f o r  
f rozen) .  The fo l lowing  l i m i t a t i o n s  should be noted: 
experiments t o  t h e  2 
N-11:  No r a d i a l  temperature  o r  v e l o c i t y  p r o f i l e  d a t a  were 
obta ined;  T and T e s t ima ted  from N-1 ,  N-l3a, and 
N- 14a 
C W 
N-14 :  No r a d i a l  v e l o c i t y  d a t a  were obtained 
N-14b: N o  r a d i a l  v e l o c i t y  d a t a  w e r e  obtained;  va lues  of h 
obta ined  i n  N-14a were used 
N-15: No r a d i a l  v e l o c i t y  p r o f i l e  d a t a  were obtained;  
v a l u e s  of h obta ined  i n  N-7 were used. 
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ABLE 5. _ _  _ _ I  
t 
AL RESULTS FOR A I R  
Run 
Number Operating Conditions 
BS (Tow)cs (T,)cs Q Tow TC P 
(OF) (OF,) 
2 
(atm) - (OF) (OF) (BTU/sec f t  ) 
: A13 9.9 3.0 - -400 2 00 0.6529 300 206 
A 14 10.7 4.5 300 2 00 0.9417 301 203 
A 15 10.5 5.5 3 00 2 00 0.9552 304 203 
A36 1.0 2.5 950 850 0.3237 997 812 
A37 2.4 2.5 950 85 0 - 968 750 
Heat Transfer  Driving Forces 
Tw Tf Tb Tw - Tb Tw - Tc 
(OF) ( O F )  ( O F )  (OF) (OF) 
A13 292 252 213 79 86 
A 14 289 249 209 80 86 
A15 292 249 205 87 89 
A13 
A 14 
A 15 
- - -  
Heat Transfer  
h 
2 (BTU/ft sec  O F )  - -  
0.00830 25 2 0.686 
0.01177 359 0.686 
0.01109 338 0.686 
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TABLE 6 
EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING 
NO2 SYSTEM - OPERATING CONDITIONS I i 
Run 
BS (Tow’cs  (Ta3)CS Q Tow Tc 
(OF)  ( B T U / s e c f t  2 ) ( O F )  (OF) 
Number P 
( a t m )  
N- 1 9.5 4.0 1300 900 1.8083 1094 904 
5.5 13 00 9 00 1.7759 1105 912 
5.5 1300 85 0 1.7511 1095 873 
I 
N- 2 7.8 
, N-3 6.3 
N-4 5 .1  
N-5 4.3 
4.0 1300 85 0 - 1.3665 ~ -. - 1149 919 
4.0 1300 800 
5.5 1300 800 
2.7 1300 800 
4.0 1150 700 
5.5 1150 7 00 
4.0 95 0 875 
2.5 1000 900 
2.5 950 850 
2.5 950 850 
1.4256 
1.4701 
1.1594 
1.3608 
1.3907 
0.7626 
1.0337 
1.0065 
0.6825 
- 
- 
- 
0.6743 
0.2793 
1143 
1113 
1199 
,962 
955 
960 
1010 
937 
942 
342 
942 
942 
942 
9 63 
879 
85 6 
930 
74 0 
73 6 
886 
923 
864 
863 
856 
84 8 
835 
843 
888 
N- 6 3.7 
I 
N- 7 2.9 
N- 8 4.5 
N- 9 4.0 
N - 1 1  8.5 
N-13a 10.0 
N-14 10.0 
N-14a 10.2 
N-14a-1 9.4 3 -3 950 85 0 
4.3 950 85 0 N-14a-2 9.3 
5.5 950 85 0 N-14a-3 9.2 
2.5 950 85 0 N-14b 9.1 
N- 15 2.7 2.5 950 850 
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TABLE 7. 
i 
i 
i 
EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING 
1 
NO2 SYSTEM - ENERGY TRANSFER DRIVING FORCES I 
# 
Number Tw T f l  Tbl  Tw - Tbl  Tw - Tc Hw - €#, % - €#, 
W 
(OF) (OF) (OF) (OF) (OF) (BTU/lbm) (BTU/lb m ) --- 
N - 1  1077 998 919 15 8 173 14 3 36.3 
N- 2 1089 1013 937 15 1 177 13 7 34.8 
N- 3 1079 985 892 186 2 06 176 42.9 
- - d-. - 
N-4 1137 1038 939 19 7 I 218 170 45.4.  
N-5 1130 1022 915 2 15 25 1 187 49.5 
N-6 1099 995 891 2 09 243 187 48.0 
- 
N-7 1189 1079 970 2 19 25 9 164 50.6 
N- 8 949 859 770 179 2 09 187 40.8 
N- 9 941 852 763 17 9 2 05 189 -41.0 
N - 1 1  952 - - - 74 - - 
N-13a  1000 - - - 77 - - 
5-14a 935 899 862 73 72 
N-14b 935 893 852 83 92 
N-15 960 930 899 61  72 
68 
81 
59 
19.0 
21.6 
15.9 
-. . . . .  . . ~  
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i 
EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING NO? SYSTEM- MOMENTUM 
I : Run 
Number 
N- 1 
N- 2 
N- 3 
N- 4 
N- 5 
N- 6 
N- 7 
N- 8 
N- 9 
N- 13a 
N- 14 
N- 14a 
N- 14a- 1 
N- 14a-2 
N- 14a-3 
N- 14 b 
N- 15 
TRANSFER EASED ON ORIFICE PLATE MEASUREMENTS 
* m 
(lb / s e c )  - m  
0.285 
0.299 
0.232 
0.131 
0.141 
0.146 
0.065 
0.225 
0.260 
0.153 
0.172 
0.209 
0.244 
0.303 
0.411 
0.157 
0.055 
* 
G" NRe 
2 ( Ib  / s e c  f t  ) m 
13.69 103 , 800 
14.39 109 , 200 
11.16 74 , 000 
6.27 56 , 200 
6.79 63 700 
7.00 63,900 
3.13 31,600 
10.83 89 800 
12.47 
7.37 
8.38 
10.02 
11.73 
14 54 
19.75 
7.53 
2.63 
106 , 700 
47 630 
56,400 
67,000 
78,800 
97 800 
132 , 800 
54 , 200 
20,900 
-56- 
0.3468 
0.2792 
0.2333 
0.1767 
0.1513 
0.1341 
0.0948 
0.1959 
0.1736 
0.3667 
0.4075 
0.4075 
0.4135 
0.4226 
0.4286 
0,3650 
0.0967 
39.46 
51.65 
47.79 
35.63 
44.78 
52.32 
32.95 
55.19 
71.97 
20.10 
20.54 
24.60 
28.37 
34.40 
46.04 
20.67 
27.34 
0.0043 
0.0051 
0.0058 
0.0080 
0.0055 
0.0065 
0.0086 
0.0030 
0.0032' 
0.0084 
0.0100 
0.0048 
0.0046 
1 
0.0052 
0.0038 
0.0075 
0.0067 
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TABLE -1.1 
EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING 
NO2 SYSTEM - FLUID PROPERTIES - 
, Run 
N u m b e r  
N- 1 
. -  
N- 2 
N- 3 
N-4 
-_I 
N-5 
N- 6 
N- 7 
N- 8 
N- 9 
N- 14a 
N- 14b 
N- 15 
0.765 
0.773 
0.771 
0.790 
0.788 
0.785 
0.799 
0.735 
0.770 
0.730 
0.732 
0.773 
0.741 0.960 
0.750 0.945 . .  
0.741 0.960 
0.763 0.920 
0.760 0.938 
0.755 0.945 
0.785 0.886 
0.699 1.042 
0.699 1.040 
0.717 0.990 
0.714 0.998 
0.763 0.908 
. . . .  . . . . . . . . . .  - -  . .  -~ .............. I . . . . . . . .  
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TABU -13 
EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING 
NO2 SYSTEM - CHEMICAL KINETICS MODULI 
i 
1 i
, 
+C 
(cm- '1 
58  
46 
34 
26 
2 1  
17 
13 
19 
16 
47 
- .Run 
N u m b e r  5 
C )C I1 (ND 
N02 
a 
0 
0.0340 
0.0322 
0.0395 
0.0563 
0.0878 
0.05 19 
0.1104 
0.0520 
0.0427 
0.0487 
m 
C 
. .. . 
. ___- 
0.971 
0,736 
0.707 
0.871 
0.867 
0.521 
0.914 
0.486 
0.332 
1.01 
0.714 
0.434 
-60- 
0.325 
0.186 
0.135 
0.209 
0.158 
0.057 
0.188 
0.046 
0.022 
0.619 
0.269 
0. I27  
0.570 
0.431 
0.367 
0.457 
0.397 
0.238 
0.434 
0.215 
0.148 
0.787 
0.519 
0.357 
N- I 
N- 2 
N- 3 
N-4 
N-5 
N- 6 
N- 7 
N- 8 
N- 9 
N- 14a 
0.943 
0.542 
0.500 
0.758 
0.752 
0.271 
0.835 
0.236 
0.110 
1.02 
0.509 
0.188 
0.0559 
0.0347 
0.0227 
0.0438 
0.0304 
0.0104 
0.0473 
I 
0.0045 
0.0022 
0.089 
0.045 
0.028 
N- 14b 
N- 15 
. 
. ,  
- e- 
. 1 .  
. -  
Run 
Number 
N- 1 
N- 2 
N- 3 
N-4 
N- 5 
N- 6 
N- 7 
N- 8 
N- 9 
N- 14a 
N- 14b 
N- 15 
- _ .  
TABLE 14 
EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING 
NO,, SYSTEM - ADDITIONAL GOVERNING PARAMETERS 
% - 
3.70 
3.74 
3.85 
3.73 
3.87 
3.95 
3.52 
3.90 
3.94 
3.70 
3.71 
3.79 
L 
% - 
3.79 
3.92 
4.06 
4.00 
4.13 
4.13 
3.89 
3.82 
3.87 
3.77 
3.75 
4.05 
3.75 0.0560 2.27 6.03 10.3 
3.83 0.0563 2.29 6.31 17 .1  
3.96 0.0547 2.82 -6.81 25.7 
3.87 0.0566 2.79 5.63 23.7 
4.00 0.0549 3.41 5.42 32.0 
4.04 0.0540 3.43 6.96 73.2 
3.71 0.0570 3.26 4.69 43.3 
3.86 0.0492 3.53 9.63 79.1 
~- 
3.91 0.0491 3.50 10.20 15 1 
3.74 0.0542 1.02 2.08 6.2 
3.73 0.0535 1.32 12.6 
3.92 0.0558 0.803 58.4 
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Unless noted o therwise ,  a l l  va lues  t a b u l a t e d  are time-average va lues .  i 
I 
I 
3.3 ERRORS AND CORRECTIONS 
3.2.1 RADIATION CORRECTION TO GAS TEMPERATURE MEASUREMENTS 
E s t i m a t e s  were made of t h e  e f f e c t  of r a d i a t i o n  from t h e  hea ted  w a l l  
of t h e  t es t  s e c t i o n  to t h e  thermocouple junc t ion  ( sphe r i ca l  i n  shape) of 
t h e  temperature  probes.  
l a r g e s t  AT, N-7, t h e  t r u e  gas  temperature  a t  t h e  c e n t e r l i n e ,  t a k i n g  i n t o  
account t h e  n e t  r a d i a n t  hea t  f l u x  [ i n  t h e  manner descr ibed  i n  (48-p.262)] 
between t h e  w a l l s  and t h e  junc t ion  bead, w a s  es t imated  t o  be - 9.3 F less 
t h a n  t h e  930°F a c t u a l l y  measured (or  - 1% e r r o r ) .  
less than  a 4% e r r o r  i n  AT, no at tempt  w a s  made t o  c o r r e c t  t h e  r a d i a l  
temperature  p r o f i l e s  f o r  r a d i a t i o n .  
smallest, t h e  t r u e  gas  temperature  was es t imated  t o  be - 0.6 F less than  
t h a t  which w a s  a c t u a l l y  measured. ' Eo a t tempt  was-made t o  c o r r e c t  f o r  t he  
specu la r  abso rp t ion  of t h e  r a d i a n t  energy as i t  passed through t h e  NO 
laden gas  because such c o r r e c t i o n  (26) w a s  a l s o  thought t o  be s i g n i f i c a n t l y  
I n  the case of t h e  NO2 experiment w i t h  t h e  
0 
4 
Since t h i s  r e p r e s e n t s  
I n  t h e  case of N - 1 1 ,  where t h e  AT w a s  
0 
2 
I 
less than  t h e  e r r o r  of t h e  o the r  measurements. 1 
3.3.2 CHARACTERISTIC CHEMICAL REMATION, MOLECULAR DIFFUSION, AND FLOW - 
TIMES IN THE VICINITY OF THE PROBE TIPS 
Assuming t h a t  the f low "streamlines"  are d i s t o r t e d  from t h e i r  
undis turbed s ta te  (when no probe i s  i n s e r t e d  i n t o  t h e  flow) by a d i s t a n c e  
comparable t o  the probe diameter  at t h e  sens ing  end, t hen  t h e  fo l lowing  
c h a r a c t e r i s t i c  t i m e s  can  be compared i n  order  t o  a s c e r t a i n  whether o r  no t  
t h e  probes ( t o t a l  head tube  and thermocouple probe) are capable  of sens ing  
t h e  l o c a l  nonequi l ibr ium s ta te  of t h e  f low,  
-62 - 
! 
A t  1 a t m ,  7 6 ~ 0  
range of 1200°F t o  SOO°F (see F igure  2). A t  10 a t m  t o t a l  system p res su re  
t h e s e  c h a r a c t e r i s t i c  chemical r e a c t i o n  t i m e s  would be about 1/10 as l a r g e  
varies between - 0.1 sec t o  3 sec f o r  t h e  temperature  2 
as those  f o r  1 a t m .  
head) tube  t i p  i s  on t h e  o rde r  of 0.0001 sec f o r  t h e  v e l o c i t i e s  charac- 
t e r i s t i c  of t h e  NO experiments (Table 8). The T f o r  t h e  thermocouple 
probe i s  - 1/10 of T~ f o r  t h e  
I n  the bulk  of t h e  flow, T~ f o r  t h e  impact (or t o t a l  
~ _______ -.. - 
2 F 
mpact tube.  Thus T~ << T '  cNo2 f o r  t h e  con--- 
I __ - ._ . .. - - . - . . - - -. - - - . . 
of t h e s e  experiments and t h u s ,  on t h i s  b a s i s ,  t h e  p r o p e r t i e s  of 
t h e  gas  would not  be expected t o  change apprec iab ly  dur ing  i t s  " f l i g h t "  
from one probe diameter  upstream of t h e  probe t i p  down t o  t h e  probe t i p  
i t s e l f .  E s t i m a t e s  of T f o r  t h e  NO experiments f a l l  w i t h i n  t h e  range of 
0.1 t o  0.3 sec which sugges t s  t h a t  a t  lower t o t a l  system p res su res ,  T i s  
comparable t o  T ' 
t r a n s p o r t  mechanism, t h e  chemical s t a t e  of t h e  gas  could be changed i n  t h e  
v i c i n i t y  of t h e  probe t i p .  
D 2 
D 
so  t h a t  when molecular d i f f u s i o n  i s  t h e  predominant CN02 
3 . 3 . 3  CHARGE I N  OPTICAL PROBE GAP WIDTH WITH TEMPEUTURE 
Even a f t e r  thermal  cond i t ion ing ,  t h e  gap width between t h e  o p t i c a l l y  
f l a t  and po l i shed  ends of t h e  g l a s s  f i b e r  bundles wouid be  expected t o  
change w i t h  temperature  due t o  t h e  thermal  expansion c h a r a c t e r i s t i c s  of 
t h e  ceramic cement, g l a s s ,  and ou te r  s t a i n l e s s  s t ee l  tube.  
w a s  made of t h e  ne t  gap wid th  change expected i n  hea t tng  t h e  probe t i p  
from 77OF t o  852'F (Tb, f o r  N-14b) t ak ing  i n t o  account t h e  a c t u a l  geometry 
of t h e  sensing end ( A  = 0.0095" f o r  Op t i ca l  Probe #3 used i n  N-14b) and 
t h e  known thermal  expansion c o e f f i c i e n t s  of t h e  materials involved.  The 
r e s u l t  showed t h a t  t h e  gap width change over t h i s  temperature  i n t e r v a l  
would be less than  10% of t h e  i n i t i a l  gap width as  measured under a micro- 
scope a t  ambient temperature .  
t han  10% change i n  t h e  measured CNo ( i . e . ,  t h e  CNo 
us ing  t h e  A based on 2n ambient temperature  measurement should a c t u a l l y  be 
decreased by up t o  10% i n  o rde r  t o  take  i n t o  account t h e  Gctual gap wid th  
An estimate 
Such a change i n  R would lead t o  a less 
v a l u e s  obta ined  by 
I - 
2 2 
-63 - 
e x i s t i n g  a t  t h e  t i m e  when t h e  t r ansmi t t ance  measurements were made i n  t h e  
h igh  temperature  flow).  Since t h i s  estimate w a s  only approximate and 
s i n c e  a 10% change r ep resen ted  a n  upper l i m i t  ( i n  p r a c t i c e ,  t h e  change i s  
probably on t h e  o rde r  of 1%) t h e  gap width measured a t  ambient temperature  
w a s  used i n  reducing t h e  observed t r ansmi t t ance  d a t a  t o  l o c a l  t ime-average 
molar concen t r a t ions  of NO2. 
3.4  FRICTION FACTOR RESULTS* 
F r i c t i o n  f a c t o r  measurements were made i n  o rde r  t o  a s c e r t a i n  whether 
t h e  presence of a nonequi l ibr ium homogeneous r e a c t i o n  i n  the  t u r b u l e n t  gas  
flow had any apprec iab le  e f f e c t  on t h e  o v e r a l l  momentum t r a n s p o r t  p rocess .  
Fanning f r i c t i o n  f a c t o r  d a t a  obtained from t h e  a i r  experiments i s  
shown i n  F igure  24. The s o l i d  l i n e  i s  f o r  t he  c o r r e l a t i o n  u s u a l l y  used 
f o r  smooth w a l l  tubes  (e/D = 0)(48,p.155). 
i n f luence  of w a l l  roughness on t h e  Fanning f r i c t i o n  f a c t o r  f o r  a w a l l  
The dashed l i n e  r e p r e s e n t s  t h e  
roughness corresponding t o  s / D  = 0.005 (6 = 0.010 r m s  inches  f o r  
D = 1.95 inches) (50) .  
under i so thermal  cond i t ions  as w e l l  as  f o r  those i n  which hea t  t r a n s f e r  
was t ak ing  p lace .  Since a t h i n  l aye r  of scale d i d  form on t h e  i n s i d e  of 
t he  p ipe  w a l l ,  p a r t i c u l a r l y  when t h e  t e s t  s e c t i o n  was heated t o  excess ive ly  
h igh  temperatures  (> 140O0F) , some of t h e  e f f ec t s  of s u r f a c e  roughness 
would be expected (more so  i n  the  case  of t h e  l a t t e r  a i r  experiments and 
t h e  NO, experiments N - 1  t o  N-9; a f t e r  experiment N-9 t h e  i n s i d e  w a l l  of 
Resu l t s  are shown f o r  experiments c a r r i e d  out  
- . _ _  - ._. _ _ _  .~ - - __ - - - - L  
t h e  cen te r  t e s t  s e c t i o n  w a s  re-honed, r e - e s t a b l i s h i n g  a r e l a t i v e l y  "smooth" 
* 
I n  t h e  case of t he  r e s u l t s  presented  i n  t h i s  and subsequent s e c t i o n s ,  a l l  
r a d i a l  p r o f i l e  measurements were made a t  e s s e n t i a l l y  one l o n g i t u d i n a l  
p o s i t i o n ,  P r o f i l e  measurements w e r e  made a t  an L/D of 43 from t h e  t r i p  
p l a t e  a t  t h e  beginning of t h e  en t rance  s e c t i o n  (d/D of 1.5Ofr/1.95")(see 
F igure  9 ) .  
s ec t ion .  The a c c e l e r a t i o n  c o r r e c t i o n  w a s  not  made t o  t h e  s t a t i c  p re s su re  
drop measurements. 
ex t ens ive  p r o f i l e  measurements and proper ty  d a t a  used i n  t h e  c a l c u l a t i o n s  
w a s  not  t abu la t ed .  
Reynolds number because of t h e  c a p a b i l i t y  of t h e  flow system f o r  handl ing  
gases  P t  p r e s su res  up t o  11 a t m .  
The f low w a s  always d i r e c t e d  v e r t i c a l l y  downward i n  t h e  t es t  
I n  order  t o  minimize t h e  r e p o r t  l ength ,  most of t h e  
It w a s  p o s s i b l e  t o  cover such a l a r g e  range i n  
-64- 
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w a l l ) .  
. R e s u l t s  f o r  t h e  nonequi l ibr ium r e a c t i n g  NO system are shown i n  2 
Figure  25. The d a t a  obta ined  a f t e r  N-9 f a l l  i n  t h e  same gene ra l  r e g i o n  as 
t h e  e a r l y  a i r  d a t a  (before  t h e  system w a s  overheated).  The e f f e c t  of h e a t  
t r a n s f e r  f o r  t h e  cond i t ions  of N-7 were c a l c u l a t e d  according t o  (48,p.157) 
and the  r e s u l t  i s  a l s o  shown i n  F igure  25. Considering t h e s e  r e s u l t s *  i t  
appears  t h a t  f o r  t h e  cond i t ions  of t h e s e  experiments t h e r e  w a s  a n e g l i g i b l e  
in f luence  of t h e  homogeneous nonequilibrium r e a c t i o n  on the  momentum 
t r a n s p o r t .  
The d a t a  shown i n  F igu res  24 and 25 are based on v e l o c i t i e s  measured 
w i t h  t h e  t o t a l  head t u b e l s t a t i c  p o r t  a t  t h e  tes t  s e c t i o n  approximately 
miclway between t h e  s t a t i c  p res su re  t a p s  used f o r  t h e  measurement of T ~ .  
S imi la r  r e s u l t s  were obta ined  w i t h  t h e  d a t a  based on t h e  mass flow r a t e  
measured a t  t h e  o r i f i c e  plate.** 
** 
3.5 NUSSELT NTJMBER/REYNGLDS NUMBER CORRELATIONS 
It i s  known from previous  work (see Sec t ion  1.1) t h a t  energy t r a n s f e r  
d a t a  f o r  equ i l ib r ium r e a c t i n g  systems ( a r b i t r a r y  NLe ) w i l l  fo l low t h e  
same Nusselt /Reynolds number dependence c h a r a c t e r i s t i c  of nonreac t ing  . 
systems provided t h a t  appropr i a t e  changes a r e  made i n  t h e  f l u i d  p r o p e r t i e s ,  
5 
d r i v i n g  f o r c e ,  and choice  of f i l m  temperature .  This  r e s u l t  has  been 
s u b s t a n t i a t e d  by t h e  r e s u l t s  c a l c u l a t e d  from Model I1 (Table 1) f o r  a wide 
range of Reynolds and P r a n d t l  numbers (20)(case f o r f i - t  a). 
s t e p  i n  cons ider ing  t h e  c o r r e l a t i o n  of t h e  nonequilibrium r e a c t i n g  system 
energy t r a n s f e r  d a t a  might b e s t  be  a n  examination of t h e  d a t a  i n  t h e s e  
forms. 
The f i r s t  
I n  F igure  26, t h e  in f luence  of t h e  chemical r e a c t i o n  on t h e  h e a t  
t r a n s f e r  rate i s  c l e a r l y  shown, i .e . ,  under hea t ing  cond i t ions ,  t he  homo- 
Data from experiments N-14a-1, -2 ,  and -3 a l l  fa17 reasonably c l o s e  t o  
the  s o l i d  l i n e .  
* 
** 
Local mass d e n s i t i e s  assumed to be equ i l ib r ium va lues .  
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geneous, endothermic chemical r e a c t i o n  l eads  t o  enhanced hea t  t r a n s f e r  
c o e f f i c i e n t s  de f ined  i n  the usua l  sense.  
I 
I n  F igure  27, t h e  necessary  adjustments  were made i n  t h e  f l u i d  
p r o p e r t i e s ,  d r i v i n g  f o r c e ,  and f i l m  temperature  i n  o rde r  t o  cause e q u i l i -  
brium r e a c t i n g  d a t a  t o  f a l l  on t h e  usua l  curve f o r  nonreac t ing  systems (1) 
(6)(10)(18).  However, as would be expected,  t h e  nonequi l ibr ium d a t a  does 
not  c o r r e l a t e  i n  t h a t  manner. 
I n  F igure  28, a f u r t h e r  mod i f i ca t ion  i s  made i n  t h e  d r i v i n g  f o r c e .  
Since t h e  d a t a  s h i f t e d  from below t h e  curve i n  F igure  27 t o  above i t  i n  
t h i s  f i g u r e  by changing t h e  assumed w a l l  cond i t ion  i n  t h e  d r i v i n g  f o r c e  
from equi l ibr ium t o  f rozen ,  i t  i s  tempting t o  conclude t h a t  t h e  t r u e  w a l l  
s t a te  i s  somewhere between t h e s e  two extremes; and i f  i t  were known, 5 
p r i o r i ,  a c o r r e l a t i o n  of t h e  d a t a  could be obtained.  What i s  needed i s  a 
c o r r e l a t i o n  which does not r e q u i r e  such foreknowledge ( i . e . ,  i n  e f f e c t ,  
t h e  answer sought) .  
It has  been suggested ( 1 3 ) ,  based on f i l m  theory  cons ide ra t ions ,  t h a t  
a chemical k i n e t i c  r a t e - f i l m  th i ckness  parameter,  x, might be u s e f u l  i n  
c o r r e l a t i n g  h e a t  t r a n s f e r  d a t a  f o r  nonequi l ibr ium r e a c t i n g  systems. 
l a c k  of such c o r r e l a t i o n  i s  shown i n  F igure  29. 
3.6  COMPARISON OF DATA WITH CALCULATED RESULTS FROM MODEL I1 
The 
I n  Sec t ion  1.1 t h e  p r i n c i p a l  assumptions of t h e  only  a v a i l a b l e  
a n a l y t i c a l  model (11) f o r  p r e d i c t i n g  t h e  e f f e c t  of chemical r e a c t i o n  r a t e  
on energy t r a n s f e r  rates (or "heat" t r a n s f e r  c o e f f i c i e n t s )  i n  t h e  c a s e  of 
f u l l y  developed t u r b u l e n t  tube  f low were considered.  Resu l t s  c a l c u l a t e d  
from t h e  f i l m  model (I) and a mod i f i ca t ion  of i t  f o r  t h e  case of f i n i t e  
AT (111) were presented  i n  F igure  1. The f i l m  model was a precursor  of 
t h e  tube  flow model f i l m  which incorpora ted  an eddy d i f f u s i v i t y .  
of t h e  r e s u l t s  given i n  F igure  1 (normalized hea t  t r a n s f e r  c o e f f i c i e n t  as 
a func t ion  of t h e  r a t i o  of t h e  chemical r e a c t i o n  r a t e  t o  the  molecular 
d i f f u s i o n  ra te)  i s  e s s e n t i a l l y  t h e  same as t h a t  c a l c u l a t e d  f o r  t he  tube  
The t r e n d  
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f low model. 
Twelve d i f f e r e n t  complete (0,l 5 6 5  1 0 0 ) - c a l c u l a t i o n s  .were . - . . made . . us idg  . . . Model 
- . - - - - . - . _- - - - .  
I1 w i t h  NLe 
corresponding t o  experiments N - 1  t o  N-9, N-14a, N-14bY and N - 1 5  (values  of 
NRe,, , Nprb, , and 77 f o r  t hese  experiments a r e  l i s t e d  i n  Tables  8, 11, and 
14, r e s p e c t i v e l y ) .  
q u i t e  i n s e n s i t i v e  t o  Reynolds number when NLe 
c a l c u l a t i o n s  f o r  two cases (using NReb1 ,  Nprb, ,  and 7 va lues  corresponding 
t o  experiments N-2 and N-7) are shown i n  F igure  30. Previous c a l c u l a t i o n s  
c a r r i e d  ou t  w i th  model I1 f o r  NLe 
The dependence of cp on J;;;- i s  s e n s i t i v e  t o  the  va lue  of 
our c a l c u l a t i o n s  show t h a t  cp i n c r e a s e s  e s s e n t i a l l y  l i n e a r l y  wi th  inc reas ing  
7 w i t h  a s lope  of 0.63 - t h e  in f luence  of Reynolds number i s  s l i g h t ;  a t  
4 = 1, cp i n c r e a s e s  only s l i g h t l y  w i t h  inc reas ing  7) .  
curves which are shown i n  F igure  30 b racke t  a l l  of t h e  c a l c u l a t e d  r e s u l t s  
= 1 f o r  t h e  Reynolds numbers, P rand t l  number, and 7 v a l u e s  
5 
A s  has been noted (20) , t he  dependence of cp on /%" i s  
= 1. The r e s u l t s  of t h e  
f - 
= 1 had not been r epor t ed  f o r  7 < 6 (20). 
5 
(a t  = 10, 
C C 
- 
The c a l c u l a t e d  
we obtained f o r  t h e  o t h e r  t e n  cases  i n  t h e  J%-< 2 reg ion .  
curves  are s u f f i c i e n t  f c r  comparison, i n  a q u a l i t a t i v e  sense,  of t h e  
experimental  d a t a  w i t h  t h e  p r e d i c t i o n s  of the  model. 
Thus t h e s e  two 
C 
The.experimenta1 d a t a  ( tabula ted  i n  Tables 10 and 13) ars a l s o  shown- 
i n  F igure  30. 
f a c t  t h a t  i n  each experiment a AT > 40°F [ i f  AT < 4OoP, i n  t h e  case  of t h e  
NO decomposition, i t  w a s  found t h a t  t h e  f i l m  model co r rec t ed  f o r  AT f i n i t e  
gave r e s u l t s  very  c l o s e  t o  those  obta ined  f o r  AT -, 0 - q u i t e  l a r g e  
d i f f e r e n c e s  were noted a t  AT = 190°F (21)]  preva i led .  The s o l i d  c i r c l e s  
The open c i r c l e s  r ep resen t  t h e  d a t a  uncorrected f o r  t he  
2 9 
r ep resen t  a c o r r e c t i o n  made t o  m i n  o rde r  t o  account f o r  
dependence of t h e  forward s p e c i f i c  r e a c t i o n  r a t e  cons t an t  
between t h e  w a l l  and t h e  bulk reg ions  of t h e  flow. Using 
cedclre as app l i ed  i n  t h e  case  of t h e  f i l m  model (21),  kp 
B 
C 
C B c  
t h e  exponent ia l  
on temperature  
t h e  same pro- 
w a s  co r rec t ed  by, 
-73 - 
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I .  
s o  t h a t  m w a s  i n  t u r n  modified by, 
Thus t h e  a b s c i s s a  i n  F igu re  30 should be i n t e r p r e t e d  as & i n  t h e  case of 
t h e  s o l i d  c i r c l e s .  It i s  apparent  t h a t  c o r r e c t i n g  f o r  a f i n i t e  AT has  t h e  
e f f e c t  of s h i f t i n g  t h e  d a t a  p o i n t s  t o  t h e  r i g h t  i n  F igu re  30. 
examination of Tables  12 ,  13, and 14 w i t h  r e fe rence  t o  t h e  independent ly  
C 
A c l o s e  
f i x e d  ope ra t ing  cond i t ions  l i s t e d  i n  Table 6 reveals how temperature ,  
p re s su re ,  and flow rate a f f e c t  F. The des igna t ions  under t h e  r i g h t  and 
l e f t  hand ends of t h e  a b s c i s s a  i n  F igu re  30 are an  approximate i n d i c a t i o n  
C 
of which cond i t ions  tend t o  favor  a h igher  o r  lower va lue  o f & .  
I n  Table 14 are l i s t e d  t h e  Xgg% va lues  f o r  each experiment. Since 
t h e  s t a r t  of t h e  hea t  t r a n s f e r  s e c t i o n  coincided w i t h  t h e  t r i p  p l a t e  0- 43 
test s e c t i o n  d iameters  upstream of t h e  probes (TC, PT, and OP), then  t h e  
s teady  s ta te  r e a c t i o n  ra te  assumption of Model I1 ~7as not f u l f i l l e d  by t h e  
cond i t ions  of experiments N-6 ,  N-8, and N-9 (i.e. 
t h e  r a d i a l  p r o f i l e  d a t a  w e r e  ob ta ined  a t  an a x i a l  p o s i t i o n  which was 
i n  each of ' t h e s e  cases 
es t imated  not t o  be f a r  enough downstream from t h e  s ta r t  of t h e  hea t  
t r a n s f e r  s e c t i o n  so  t h a t  t h e  r e a c t i o n  ra te ,  r no longer  depended on 
axial  p o s i t i o n ) .  
i' 
A q u a n t i t a t i v e  comparison of t h e  experimental  d a t a  w i t h  t h e  
- p r e d i c t i o n s  of Model X I  i s  shown i n  F igu re  31. The s c a t t e r  about t h e  45' 
l i n e  i s  s l i g h t l y  l a r g e r  (approximately f. 17% f o r  both t h e  open and c losed  
c i rc les)  than  t h a t  r epor t ed  by Bodman and coworkers (22)(23)(approximately 
f 10%) f o r  t h e  comparison between the  p r e d i c t i o n s  of models I, 111, and I V  
and experimental  d a t a  (no r a d i a l  p r o f i l e s  were measured - only o v e r a l l  
measurements were made) obta ined  f o r  t h e  t u r b u l e n t  f low of nonequilibrium 
r e a c t i n g  NO2 o u t s i d e  a r o t a t i n g  cy l inde r .  
experiments t h e  bulk  c o n d i t i o n  w a s  known and agreed w i t h  t h e  assumptions 
I n  t h e  r o t a t i n g  cy l inde r  
-75- 
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. FIGLTkE -31. COMPARISON OF EXPERIMENTAL DATA WITH THE PREDICTIONS OF MODEL I1 
of t h e  models, In the case o t h e  tube  
_ .  
low experiments , t,.e bu lk  
"boundary condi t ion"  w a s  p o s t u l a t e d  only.  Evidence i s  presented  i n  t h e  
fo l lowing  s e c t i o n  that  i n  those  cases where t h e  bulk  cond i t ion  w a s  f u l l y  
determined, t h e  gas  w a s  not  i n  chemical equi l ibr ium.  I n  one case, i t  
cons i s t ed  of e s s e n t i a l l y  unreacted NO ( i n  t h i s  case nonequi l ibr ium con- 
d i t i o n s  must have e x i s t e d  over a p o r t i o n  of t h e  r eg ion  between t h e  bulk  of 
t h e  flow and the w a l l ) .  
experimental  d a t a  us ing  equ i l ib r ium p r o p e r t i e s  [as suggested f o r  t h e  
AT -+ 0 case t r e a t e d  i n  ( 2 0 ) ]  i s  not  c o n s i s t e n t  w i t h  t h e  d a t a  and could ,  i n  
i t s e l f ,  account  f o r  t h e  scatter being g r e a t e r  t han  t h a t  observed f o r  t h e  
r o t a t i n g  c y l i n d e r  measurements. It should be noted t h a t  t h e  hea t  t r a n s f e r  
measurements r e p o r t e d  he re  were f o r  a cons t an t  temperature  w a l l  c o n d i t i o n  
and not  f o r  a c o n s t a n t  h e a t  f l u x  c o n d i t i o n  (from t r i p  p l a t e  t o  sensor  
l o c a t i o n ) .  
! 
I 
2 
Thus c a l c u l a t i o n  of cp and 6 o r  from t h e  
mC 
i 
The d a t a  do suggest  t h a t  t h e  t r e n d  of t he  p r e d i c t i o n s  from Model I1 
/ 
i s  v a l i d .  Most of  t h e  d a t a  c o r r e c t e d  f o r  f i n i t e  AT tend t o  l i e  on o r  
below t h e  c a l c u l a t e d  curves  r a t h e r  t han  above them. 1 
/ 
I 
3.7 CONCENTRATION PROFILES - TIME-AVERAGE DATA 
A s  noted i n  Sec t ion  2.3.4,  t h e  o p t i c a l  probe system w a s  modified t o  
accommodate diameter qua r t z  rods  f o r  use i n  measuring t h e  e x t i n c t i o n  . 
c o e f f i c i e n t s ,  C ~ ~ ~ ( A , T ) ,  i n  t h e  s t a t i c  r e a c t o r .  
used t o  make t h e  measurement of c 
drawn through the d a t a  p o i n t s  i s  shown i n  order  t o  he lp  d e f i n e  t h e  t r e n d  
This  same assembly w a s  
(r) shown i n  F igure  32. The s o l i d  l i n e  
NO2 
' of t h e  d a t a .  For comparison, t h e  dashed l i n e  shows how t h e  equ i l ib r ium 
concen t r a t ion  p r o f i l e  would v a r y  w i t h  r a d i a l  p o s i t i o n  f o r  t h e  estimates 
'of F(r) obta ined  from previous  experiments cha rac t e r i zed  by s i m i l a r  
ope ra t ing  cond i t ions .  The r e f e r e n c e  equ i l ib r ium concen t r a t ions  shown a t  
t h e  c e n t e r  of the t u b e  (r/r = 0) i n d i c a t e  t h a t  t h e  nonequilibrium concen- 
t r a t i o n  p r o f i l e  was  t h e  equ iva len t  of - 6 F ( i n  t e r m s  of equ i l ib r ium con- 
c e n t r a t i o n  d i f f e r e n c e s )  away from t h e  equ i l ib r ium p r o f i l e  de r ived  from t h e  
es t imated  tempera ture  p r o f i l e .  U n c e r t a i n t i e s  i n  knowing t h e  gap wid th ,  4, 
0 
0 
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, .  
a t  t h e  p re s su res  and temperatures  of t h e  experiments,  problems wi th  rod 
breakage due t o  s l i g h t  misalignments (a t  high temperature  cond i t ions )  
between t h e  probe h o l d e r s  on oppos i t e  s i d e s  of the test  s e c t i o n ,  and 
d i f f i c u l t i e s  i n  t r a n s l a t i n g  t h e  e n t i r e  o p t i c a l  assembly (Figure 21) f o r  
each  r a d i a l  traverse s t r o n g l y  encouraged us  t o  develop t h e  f i b e r  bundle 
probe f o r  use a t  h igh  temperatures  a t  moderate p re s su res  (< 11 a t m ) .  
The r a d i a l  concen t r a t ion  p r o f i l e  d a t a  shown i n  F igure  33 were obta ined  
wi th  t h e  f i b e r  o p t i c s  probe ( A  = 0.0095 inches ) .  
obtained two d i f f e r e n t  ways ( r e f e r  t o  F igu re  20) - t h e  va lues  obta ined  
from t h e  e l e c t r o n i c  counter  are expected t o  be more accura te .  There i s  
some unce r t a in ty  as t o  t h e  exact  r a d i a l  p o s i t i o n  of t h e  gap dur ing  t h i s  
p a r t i c u l a r  experiment.  We expect  t h a t  t h e  measured p r o f i l e  d a t a  should be 
s h i f t e d  t o  t h e  r i g h t -  0.2". 
t h e  ma jo r i ty  of t he  f low condui t ,  t he  gas  i s  nea r ly  t w i c e  as concent ra ted  
i n  NO as would be p red ic t ed  had equ i l ib r ium condi t ions  p reva i l ed  ( the  
dashed l i n e  i s  based on t h e  measured temperature  p r o f i l e  and t h e  p re s su re  
which e x i s t e d  i n  the  flow system a t  t h e  t i m e  of t h e  concen t r a t ion  p r o f i l e  
The r a w  d a t a  were 
I n  any event  t h e  r e s u l t s  show t h a t  ac ross  . 
2 
measurement). 
A s  i n d i c a t e d  i n  Sect ion 3 . 3 . 3 ,  approximate c o r r e c t i o n s  f o r  t he  chang; 
i n  gap width between t h e  ends of t h e  f i b e r  bundles a s  t h e  probe end ~7as . 
heated up t o  the  t e s t  cond i t ions  f o r  experiment N-14b suggest  t h a t  t h e  
a c t u a l  nonequi l ibr ium concen t r a t ions  would be no more than  10% less than  
t h e  observed va lues .  
It i s  of i n t e r e s t  t o  determine the  l o c a l  mass d e n s i t y  p r o f i l e  having 
measured the  nonequi l ibr ium concen t r a t ion  p r o f i l e .  Since,  f o r  t h e  
2 NO2 t 2 NO 4- 0 system, 2 
- _I_ 1 - 5  
N02 1 + - '5 
2 
X 
L 
. .  
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FIGURE 33. CONCENTRATION PROFILE OBTAINED FRON F I B E R  O P T I C S  PROBE 
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then 
and 
5 =  
P c = -  
RT 
PM P = =  
For experiment N- 14b, 
(ENo2), - 0.0885 gm moles/liter 
C 
(cNo ) - 0.0635 gm moles/liter 2 e  
W 
(ENo>, - 0.156 gm moleslliter 
. - (XN02) - 0.99 
5 ,  - 0.0067 
-81- 
P 
- - - . _ _  . 
0.452 l b  / f t 3  m 
t 
i . 
I 
0.365 l b  / f t '  . (Pe'c m 
Thus, cons ider ing  t h e  f a c t  t h a t  t h e  nonequilibrium mass d e n s i t y  i s  - 20% 
l a r g e r  i n  t h i s  case t h a n  t h e  equi l ibr ium va lue  c o n s i s t e n t  w i t h  the  measured 
temperature ,  t hen  t h e  nonequi l ibr ium Reynolds number would be correspondingly 
l a r g e r  t han  t h e  va lue  g iven  i n  Table 8. 
Since only  a l i m i t e d  amount of time-average r a d i a l  concen t r a t ion  d a t a  
- - __ __ -. . . -- 
w a s  obtained,  i t  w a s  no t  p o s s i b l e  t o  r e -eva lua te  t h e  cp ver sus  z d a t a  i n  
order  t o  a s c e r t a i n  i f  i t  agreed more c l o s e l y  w i t h  t h e  Model I1 p r e d i c t i o n s  
when t h e  " t rue" 
and 4 o r  \F. 
6) and t h e  long c h a r a c t e r i s t i c  chemical r e a c t i o n  ( i . e . ,  d i s s o c i a t i o n )  
t i m e s  f o r  t h e  NO system a t  temperatures  - 750°F (a good e s t ima te  f o r  
N-14b -mos t  of t h e  gas  i n  t h e  system a t  a g iven  i n s t a n t  would be a t  some 
temperature  less than  T a t  t h e  sensor  l o c a t i o n  i n  t h e  test  s e c t i o n ) ( s e e  
F igure  2 ) ,  i t  i s  not t o o  s u r p r i s i n g  t h a t  t h e  bulk f l u i d  cons i s t ed ,  i n  t h i s  
C -. . . . . . - __ - - - - 
\ l o c a l  nonequilibrium condi t ions  were used i n  c a l c u l a t i n g  cp 
Considering t h e  o v e r a l l  l ength  of t h e  flow system (Figure 
mC 
2 
C 
experiment,  of most ly  NO2. 
3.8 MOMENTUMIENERGY TRANSPORT ANALOGY CONSIDERATIONS 
The f a i r  - s i m i l a r i t y  __ between t h e  r a d i a l  v e l o c i t y  and temperature  . _  d e f e c t  
d i s t r i b u t i o n s  shown i n  F igures  34 and 35 s e e m  t o  j u s t i f y  t h e  assumption of 
an  analogy between energy and momentum t r a n s p o r t  i n  nonisothermal ,  nonequi- 
l ib r ium r e a c t i n g ,  f u l l y  developed t u r b u l e n t  tube  f low (51,p.538). One 
consequence of t he  Reynolds analogy i s  t h a t  t h e  fo l lowing  r e l a t i o n  should 
be v a l i d  (5 1 , p. 542), 
'For r e a c t i n g  systems i t  might be more appropr i a t e  t o  r e p l a c e  N w i t h  N '  S t  S t  * 
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FIGURE 35. VELOCITY AND TEMPERATURE DEFECT I N  NONISOTHERMAL, 
NONEQUILIBRIUM REAC’I’ING TUBE FLOW . _  _. 
Data from experiment N - 1  w e r e  used t o  check t h e  equivalence of Eq. 18. 
The fol lowing r e s u l t s  were obtained:  
f 
2 
- 
0.0035 NSt = 0.00082 ; - = 
C Npr 
C 
f 
2 
- 
= 0.0011 ; - = 0.0035 
r 
Nprb 1 
" _- >z 
= 0.00090 
C 
%tb, = 0.0012 . 
I 
Thus t h e  two s i d e s  of Eq. 18 are equiva len t  only w i t h i n  a f a c t o r  of t h r e e ,  
a t  bes t .  
- - .  
H An a d d i t i o n a l  check f o r  a n  analogy would be t h e  comparison between E: 
M' and c This  i s  d iscussed  i n  Sec t ion  3.10. 
3 . 9  NORMALIZED RADIAL PROFILES OF SPECIFIC ENTHALPY AND TEMPERATURE 
It has been shown (10) t h a t  the  normalized r a d i a l  p r o f i l e s  of s p e c i f i c  
enthalpy obta ined  f o r  homogeneous equi l ibr ium r e a c t i n g  systems are s imi la r  
over wide ranges of Reynolds number, w a l l  temperature-bulk temperature  
d i f f e rence ,  e tc .  Furthermore,  t hese  p r o f i l e s  a l l  f a l l  on t h e  same 
dimensionless  normalized p r o f i l e ,  T ve r sus  y , used t o  express  t h e  r a d i a l  + + 
temperature  p r o f i l e  s i m i l a r i t y  i n  t h e  case  of f u l l y  developed nonreac t ing  
tu rbu len t  shear  f lows (52 ,p  . 4 4 4 ) .  
The r a d i a l  s p e c i f i c  en tha lpy  p r o f i l e s  are shown i n  normalized form i n  
+ + 
Figure  36. C e r t a i n l y  t h e  H ve r sus  y form i s  no t  v a l i d  f o r  f lows i n  
which t h e  flow i s  not  i n  chemical equi l ibr ium.  It i s  i n t e r e s t i n g  t o  no te  
t h a t  t h e  d a t a ,  which was obtained f o r  y+ > 10 and which w a s  de r ived  from 
the  temperature  p r o f i l e  d a t a  by us ing  equi l ibr ium p r o p e r t i e s ,  tends t o  
f a l l  on s t r a i g h t  l i n e s  whose i n t e r s e c t i o n  occurs  i n  t h e  v i c i n i t y  of t h e  
-85 - 
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j unc t ion  between t h e  nonl inear  and t h e  l i n e a r  u n i v e r s a l  p r o f i l e  ( s o l i d  
l i n e  i n  F igure  36). 
+ 
t o  t he  H of each p r o f i l e  i n  o rde r  t o  account f o r  t h e  d e v i a t i o n  of t h e  bulk  
from equi l ibr ium,  then  t h e  l i n e s  through t h e  d a t a  might be made t o  co inc ide  
w i t h  the  u n i v e r s a l  p r o f i l e .  
This  sugges ts  t h a t  i f  a c o r r e c t i o n  f a c t o r  i s  app l i ed  
Since a good measurement of t h e  a c t u a l  bu lk  s t a t e  w a s  ob ta ined  i n  t h e  
case of N-14b, t h e  d a t a  w e r e  a l s o  put  i n t o  t h e  T+ form (see d e f i n i t i o n  i n  
t h e  Nomenclature) w i t h  C 
t h e  d a t a  i s  t o  s h i f t  t h e m  s l i g h t l y  below t h e  u n i v e r s a l  curve,  sugges t ing  
i n  t h i s  p a r t i c u l a r  case.  The e f f e c t  on ' 5  NN cp5N02 
t h a t  an i s o b a r i c  s p e c i f i c  h e a t  s l i g h t l y  g r e a t e r  t han  Cp 
(which i s  c o n s i s t e n t  w i t h  t h e  l i m i t a t i o n s  of t h e  concen t r a t ion  d iscussed  
should be used 
s 
I i n  Sec t ion  3.7). 
3.10 EDDY DIFFUSIVITIES - THEIR ESTIMATION AND COMPARISON 
The eddy d i f f u s i v i t i e s  f o r  energy, momentum, and mass t r a n s f e r  are,  
when compared w i t h  t h e i r  molecular coun te rpa r t s  f o r  t h e  s i t u a t i o n  of 
i n t e r e s t ,  i n d i c a t i v e  of t h e  in f luence  of t h e  t u r b u l e n t  mixing processes  on 
t h e  t o t a l  t r a n s p o r t  i n  t h e  t u r b u l e n t  flow (51,pp.25,542). W e  have 
c a l c u l a t e d  t h e  eddy d i f f u s i v i t i e s  f o r  momentum (eM) and energy t r a n s p o r t  . 
and e ' )  us ing  t h e  f a c t  t h a t  t h e  l o c a l  shear  stress i s  l i n e a r  w i t h  p ipe  
(€H H 
r a d i u s  and t h a t  t h e  h e a t  f l u x  varies w i t h  t h e  r a d i u s  i n  a s imi l a r  manner. - 
The l a t t e r  assumption i s  t h a t  commonly used i n  c a l c u l a t i n g  e 
nonreact ing systems (48,p.209). I t s  l i m i t a t i o n s  have been reviewed by 
Hinze (51,pp.550-551). 
f o r  H 
* 
The r e s u l t s  f o r  t h e  case  of a t y p i c a l  experiment,  N - 1 ,  are shown i n  
The shapes of t h e  v a r i o u s  eddy d i f f u s i v i t y  pro- F igures  37, 38, and 39. 
f i l e s  (see Nomenclature f o r  de f in ing  equat ions)  are s i m i l a r  t o  those  
r epor t ed  f o r  nonreac t ing  systems (52,p.439) and f o r  equi l ibr ium r e a c t i n g  
\ 
* 
A more accu ra t e  de te rmina t ion  would r e q u i r e  t h e  d i f f e r e n t i a t i o n  of bo th  
r a d i a l  and a x i a l  p r o f i l e  
appropr i a t e  conserva t ion  
informat ion  i n  t h e  manner p re sc r ibed  by t h e  
equat ion .  
I I 1 1 1 1 
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* 
systems i n  channel  f low (53) . 
i n  F igure  40. The r e s u l t s  show t h a t  t h e  r a t i o  i n  eddy d i f f u s i v i t i e s  i s ,  
over much of t h e  c r o s s  s e c t i o n  of t h e  flow condui t ,  on t h e  o rde r  of one, 
aga in  sugges t ing  an analogy. However, e / e  - 0.4 t o  0.7,  wh i l e  f o r  a i r  
f low between p a r a l l e l  p l a t e s  (with P r a n d t l  number approximately t h e  same), 
t h e  E /E: r a t i o  i s  - 1.1 t o  1.3 (52,p.440). Thus t h e  r a t i o  i n  E: / e  
H M  H M  
obtained f o r  N - 1  i s  approximately one-half  of t h e  va lue  measured f o r  
comparable nonreac t ing  flows. 
o f f e r s  i n d i r e c t  evidence f o r  t h e  e f f e c t  of t h e  t u r b u l e n t  mixing process  on 
t h e  time-average r e a c t i o n  ra te .  
A comparison of 6 and E; w i t h  eM i s  shown H 
H M  
This  d i f f e r e n c e  i n  eddy d i f f u s i v i t y  r a t i o  
3.11 TURBULENT TEMPERATURE RESULTS - NONREACTING AND NONEQUILIBRITJM 
REACTING SYSTEMS 
T o t a l  r m s  temperature  i n t e n s i t y  d a t a  f o r  t h e  nonreact ing a i r  system 
(Experiment A-37) measured w i t h  t h e  system descr ibed  i n  Sect ion 2.3.3 i s  
g iven  i n  F igure  41. The usua l  minimum a t  t h e  c e n t e r  of t he  p ipe ,  t h e  
naximum va lues  near  t h e  w a l l s ,  and the  i n t e n s i t y  l e v e l  on t h e  order  of 3% 
i s  c o n s i s t e n t  w i t h  t h e  l i m i t e d  number of publ ished r e s u l t s  ( 5 4 ) ( 3 9 )  f o r  
a i r  under cond i t ions  of f u l l y  developed tu rbu len t  p ipe  flow wi th  hea t  
t r a n s f e r .  
The very  s u r p r i s i n g  r e s u l t s  obtained f o r  t h e  nonequilibrium r e a c t i n g  - 
system (key p e r t i n e n t  experimental  cond i t ions  are g iven  on t h e  f i g u r e s  NO 
themselves) are shown i n  F igures  42 and 43. 
ments, t h e  v a r i a t i o n  of i n t e n s i t y  w i t h  r a d i a l  p o s i t i o n  i s  t h e  same as i n  
t h e  case  of t h e  nonreac t ing  system r e s u l t s ,  but  t h e  presence of t h e  
nonequilibrium chemical r e a c t i o n  has  caused a more than  order  of magnitude 
inc rease  i n  t h e  i n t e n s i t y  l e v e l .  A mixing model f o r  t h e  i n t e r p r e t a t i o n  of 
2 
I n  t h e  case of t hese  exper i -  
t hese  r e s u l t s  has  not  y e t  beefi developed (see Sec t ion  1.1). The l a r g e  
change i n  level cannot be p r imar i ly  due t o  the  d i f f e r e n c e  i n  thermal  
p r o p e r t i e s  between t h e  two systems, s i n c e  t h e  N and NLe parameters  are Pr  
* 
The l i n e s  drawn through t h e  d a t a  p o i n t s  a r e  shown only t o  assist i n  
d i sce rn ing  t h e  t r end  of t h e  d a t a  w i t h  r a d i a l  p o s i t i o n .  
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s o  s imilar .  
i s  no more t h a n -  3.) The v a l u e s  r epor t ed  i n  F igu res  41, 42, and 43 were 
obta ined  by e i t h e r  d i r e c t l y  reading  t h e  d i a l  of t h e  t r u e  r m s  vo l tme te r  o r  
by record ing  t h e  dc output  of t h e  r m s  vo l tme te r  on a s t r i p  c h a r t  r eco rde r  
and then  e s t ima t ing  the mean of t h e  r m s  ou tput .  More adcura te  t i m e  
averaging (as i n d i c a t e d  i n  F igu re  20 - use  o f . t h e  v o l t a g e  t o  f requency 
conver te r  and counter  i n  tandem) of t h e  t o t a l  r m s  ou tput  would be expected 
(Also, the d i f f e r e n c e  i n  mass d e n s i t y  between A-37 and N-15 
t o  y i e l d  more a c c u r a t e  p r o f i l e  r e s u l t s .  
The scalar mixing spectrum f o r  temperature  obta ined  w i t h  a i r  a t  h igh  
temperature  i n  t h e  r e c i r c u l a t i n g  f low system i s  shown i n  F igure  44. 
extended s lope  i n  t h e  i n e r t i a l  subrange ( the  e s s e n t i a l l y  s t r a i g h t  l i n e  
,region) i s  probably due t o  t h e  coexis tence  of bo th  l o n g i t u d i n a l  and r a d i a l  
The 
(or t r ansve r se )  mixing a t  t h e  sensor  loca t ion .  
would be expected t o  arise from t h e  1 f o o t  long h e a t e r s  s i t u a t e d  along t h e  
t es t  s e c t i o n ,  each pu l s ing  on and of f  i n  a random fash ion  a t  a frequency 
between once per  second t o  once pe r  5 minutes depending on t h e  cool ing  and 
hea t ing  loads imposed on t h e  system. Thus t h e  energy con t r ibu ted  t o  t h e  
spectrum from l o n g i t u d i n a l  mixing e f f e c t s  w i l l  be cha rac t e r i zed  by low 
f requencies  and w i l l  t hus  tend t o  extend t h e  i n e r t i a l  subrange over a 
g r e a t e r  frequency range t h a n  t h e  usua l  one t o  one and one h a l f  decades of 
frequency (or one dimensional  wave number)." This  ex tens ion  probably 
accounts  f o r  t h e  s lope  of t h e  spectrum i n  t h e  i n e r t i a l  subrange not  
equa l l ing  t h e  expected -5/3 (27). For r e fe rence  t h e  c h a r a c t e r i s t i c  
f r equenc ie s  based on bo th  t h e  t e s t  s e c t i o n  diameter (- c h a r a c t e r i s t i c  f o r  
Longi tudinal  mixing e f f e c t s  
0- 
are g iven  on 
'TS' 
t r a n s v e r s e  mixing) ,  fD, and t h e  t es t  s e c t i o n  l eng th ,  f 
F igure  44. 
r e f e r e n c e  purposes.  
The cond i t ions  of t h e  experiment are a l s o  given t h e r e  f o r  
Temperature spectrum d a t a  f o r  two d i f f e r e n t  NO experiments are g iven  2 
i n  F igures  45,  46, and 47. The p r e s e n t a t i o n  of t h e  d a t a  i s  i n  a form 
* 
Terms are def ined  i n  t h e  Nomenclature; some p e r t i n e n t  r e l a t i o n s  are g iven  
i n  Appendix A-1.  
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q u i t e  i m i  lar  t o  h a t  u 2d i n  F igure  44 except t h a t  t h e  NO d a t a  obta ined  2 
a t  frequenczes g r e a t e r  t h a n  f 
I subrange e x h i b i t ,  i n e a c h  case, a s lope  ve ry  c l o s e  t o  t h e  c h a r a c t e r i s t i c  I 
(or k l  ) which appear  t o  l i e  i n  t h e  i n e r t i a l  
D D 
1 -5/3.  The d a t a  of Experiment N - 1 5  are shown i n  t h e  one-dimensional wave 
I 
number form i n  F igu re  4 6 .  
f r equenc ie s  on t h e  o rde r  of 10 k Hz may be due more t o  a s ta r t  i n  t h e  
f a l l - o f f  i n  f requency response  of t h e  probe [es t imated  t o  be b e t t e r  t han  
10 k Hz i n  (39)] t h a n  due t o  t h e  s t a r t  of a d i f f u s i v e  subrange. 
47, t h e  r eg ion  e x h i b i t i n g  a -1 s lope  may be r e p r e s e n t a t i v e  of a v i scous -  
convec t ive  subrange. I n  t h i s  experiment (N-l4b), t h e r e  w a s  v e r y  l i t t l e  
tu rn ing  on and o f f  of t h e  temperature  c o n t r o l l e r s  dur ing  t h e  per iod  of t h e  
, turbulence measurements as compared w i t h  t h e  o the r  experiments (N-15 and 
A-37). 
e x h i b i t  t h e  extended i n e r t i a l  subrange t o  ve ry  low f requencies  ( the  
frequency response of t h e  e l e c t r o n i c s  in s t rumen ta t ion  i s  good down t o  only 
20 Hz). I n  any event ,  t h e  s p e c t r a  do no t  e x h i b i t  any unusual c h a r a c t e r i s t i c s  
t h a t  cannot be a s c r i b e d  t o  t h e  n a t u r e  of t h e  experiment and/or equipment. 
3.12 TURBULENT CONCENTRATION RESULTS 
The apparent  d i f f u s i v e  c u t o f f  a t  h ighe r  
IR Figure  
This  may h e l p  t o  e x p l a i n  why t h e  N-14b spectrum r e s u l t s  do n o t  
’ 
! 
I 
I 
2 The t o t a l  r m s  i n t e n s i t y  d a t a  and t h e  s p e c t r a l  d a t a  f o r  t h e  NO 
experiment,  N-14bY is  t abu la t ed  i n  Tables  15 and 16. The format of t h e s e  . 
t a b l e s  has  been arranged s o  t h a t  t h e  s t e p s  employed i n  t h e  r educ t ion  of 
t h e  r a w  d a t a  t o  t h e  r e s u l t s  of i n t e r e s t  are  ev ident .  The i n t e n s i t i e s  have 
been c a l c u l a t e d  assuming t h a t  t h e  equi l ibr ium time-average concen t r a t ion  
d i f f e r e n c e  based on the measured temperature  d i f f e r e n c e  (?. 
reasonable  measure of t h e  a c t u a l  nonequilibrium time-average concen t r a t ion  
- - T ) i s  a - W C 
- 
d i f f e r e n c e  [(zNOJc - (zNo,>J.* The i n t e n s i t y  r e s u l t s  are shown i n  
F igure  48. Cons is ten t  w i t h  t h e  unusual ly  l a r g e  temperature  i n t e n s i t y  d a t a  
g iven  i n  F igu res  42 and 43 f o r  t h e  NO 
i n t e n s i t y  v a l u e s  are a l s o  l a rge .  
r e a c t i n g  system, t h e  concen t r a t ion  2 
I n  f a c t ,  i n  t h e  case of t h i s  experiment,  
* 
A good measure of (FNo2), w a s  no t  exper imenta l ly  obtained.  
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t h e  average concen t r a t ion  i n t e n s i t y  a c r o s s  t h e  p ipe  w a s  - 93% o r  approxi-  
mately twice as l a r g e  as t h e  temperature  i n t e n s i t i e s .  
F igure  48 are p l o t t e d  w i t h  a g r e a t l y  expanded o rd ina te .  
accuracy of t h e  measurement [ l i m i t a t i o n s  from boundary l aye r  bui ldup on 
t h e  ends of t h e  f i b e r  bundles  - expected t o  be a s m a l l  e f f e c t  (45),  s l i g h t  
change i n  flow cond i t ions  dur ing  t h e  course  of t h e  experiment,  etc.], t he  
r e s u l t s  g iven  i n  F igu re  48 should be i n t e r p r e t e d  as i n d i c a t i n g  t h a t  t h e  
i n t e n s i t y  i s  e s s e n t i a l l y  cons t an t  ac ross  t h e  p ipe  (within & 4%). 
The d a t a  i n  
Considering t h e  
Lee (30) has made some i n t e r e s t i n g  p r e d i c t i o n s ,  based on a s t a t i s t i c a l  
tu rbulence  theory  t r ea tmen t ,  of how t h e  tu rbu len t  concen t r a t ion  mixing 
s p e c t r a  of an i s o t r o p i c  f low (one r e a c t a n t ;  i r r e v e r s i b l e ,  second order  
- reac t ion)  depends on t h e  turbulence  Pec le t  number, 
Damkohler number (of t h e  second type ) ,  
parameters  f o r  t h e  cond i t ions  r e p r e s e n t a t i v e  of most of t h e  NO 
( inc luding  N-14b) and f i n d  f o r ,  
(t) and t h e  turbulence  NPe 3 
(t) We have c a l c u l a t e d  t h e s e  NDaIIi 
experiments 2 
0'  U - 0.10 isc [From (51,p.521-522)] (19) 
wi th ,  
then  , 
- 
Uc - 40 f t / s e c  
2 - D - 0.2 c m  /sec 
-1 kl - 1.3 c m  
D 
- 490 
and , 8.9 
so t h a t  t h e  r a t i o  ND- (t) 
a n a l y s i s ,  t h e  NO d i s s o c i a t i o n  i s  a "slow" r e a c t i o n .  H i s  r e s u l t s  may be 2 
u s e f u l  i n  i n t e r p r e t i n g  our r e s u l t s  t o  t h e  e x t e n t  t h a t  t h e  f low f i e l d  of 
our  spectrum experiments (sensing probe t i p  a t  t h e  c e n t e r  of a f u l l y  
(t) - 0.02 and thus ,  according t o  Lee's a1 1N02'~Pe 
developed tu rbu len t  tube  f low) and t h e  chemistry of t h e  NO d i s s o c i a t i o n  2 
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conform t o  t h e  assumptions embodied i n  h i s  model. 
I n  F igure  49,  t h e  concen t r a t ion  spectrum f o r  Experiment N-14b i s  
shown f o r  t h e  frequency range 10 t o  10 Hz (data were obta ined  out  t o  
15.k Hz). The s o l i d  l i n e  drawn through t h e  d a t a  i s  shown i n  o rde r  t o  
assist i n  d i sce rn ing  i t s  v a r i a t i o n  w i t h  frequency. 
t h a t  what might be considered ar. i n e r t i a l  subrange begins  only a t  
f requencies  much g r e a t e r  t han  f D' 
spectrum i s  d i s t r i b u t e d  uniformly ac ross  2% decades of frequency wi th  
f a l l - o f f  occur r ing  only a t  comparat ively h igh  f requencies .  
experiments should be c a r r i e d  out w i t h  probes w i t h  s i g n i f i c a n t l y  d i f f e r e n t  
gap widths ,  &, i n  o rde r  t o  determine i f  t h e  shape of t h e  concen t r a t ion  
-spectrum i s  more probe geometry-limited o r  phenomena-limited. 
4 
The r e s u l t s  i n d i c a t e  
Most of t h e  energy of t h e  concen t r a t ion  
Addi t iona l  
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- 10- - "* ~ 
10-l0 ._ -
N- 14b 
- 
= 843'F 
= 935'F 
Tc 
Tw 
- 
P = 9.1 ATM 
- 
= 32.9 FT/SEC . 
C 
U 
= 68,000 
b '  NRe 
= 0.714 
NPr, ' 
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SECTION 4 
CONCLUSIONS 
4.1 EXPERIMENTAL RESULTS 
This investigation is the first known attempt to obtain both time- 
average and fluctuating radial profile measurements in nonequilibrium 
reacting turbulent tube flow with heat transfer. In order to make these 
measurements, a number of problems had to be solved. These included: 
(a) the selection of a reacting system whose kinetics.were homogeneous 
and unaffected by the materials required for construction of the flow 
system and the sensing ends of the instrumentation, (b) the determination 
of all of the required property data (thermodynamic, transport, kinetic, 
and optical absorption) over the ranges of temperature and pressure 
required for the experimental measurements, (c) the design, fabrication, 
and checkout of a large recirculating flow system capable of handling a 
toxic, corrosive gas at elevated temperatures and pressures with negligible 
leakage of the gas or appreciable deterioration of the system itself after 
extended periods of operation, (d) the design of a rotating shaft seal 
compatible with the system requirements (temperature, pressure, flow rate, 
period of operation), (e) the design, checkout, and calibration of appropriate 
fast response, low noise, small spatial resolution temperature and concen- 
tration probes compatible with the system requirements and capable of 
providing the desired time-average and fluctuating information, and finally 
(f) the development of techniques for operation of both the flow system and 
the associated instrumentation so that the desired results could be 
obtained. 
were solved. ! 
. 
_. . - ~_ - .- - - --__________ 
During the course of this program these, and many lesser problems 
I 
- - _ _ _  __ - -- -- -- 
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The r educ t ion  of experimental  d a t a  i t s e l f  and i t s  comparison t o  t h e  
p r e d i c t i o n s  of a v a i l a b l e  models revea led  t h e  fol lowing ( fo r  d e t a i l s ,  
r e f e rence  should be made t o  the  appropr i a t e  po r t ions  of Sec t ion  3 ) :  
a. 
C .  
- 
A s  expected,  t h e  presence of a nonequilibrium homogeneous 
r e a c t i o n  has  l i t t l e ,  i f  any, s i g n i f i c a n t  e f f e c t  on t h e  
momentum t r a n s p o r t  s i t u a t i o n  f o r  t h e  cond i t ions  i n v e s t i g a t e d  
Conventional hea t  t r a n s f e r  c o r r e l a t i o n s  are inadequate  f o r  I 
c o r r e l a t i n g  f u l l y  developed tu rbu len t  t u b e  flow h e a t  t r a n s f e r  
d a t a  when a nonequi l ibr ium r e a c t i o n  occurs  i n  t h e  f low 
The only a v a i l a b l e  model (Model I1 - see Sect ion 1.1) f o r  
p r e d i c t i n g  "heat" t r a n s f e r  c o e f f i c i e n t s  f o r  such s i t u a t i o n s  
is ,  i n  p r i n c i p l e ,  inadequate  i n  four  p r i n c i p a l  ways: 
(1) the  temperature  d i f f e r e n c e  between t h e  w a l l  and t h e  
bulk  of t h e  f low i s  assumed t o  be s m a l l ,  and i n  
a d d i t i o n  equi l ibr ium f l u i d  p r o p e r t i e s  are assuned 
a p p l i c a b l e  
the  t ime-average r e a c t i o n  ra te  i s  assumed t o  be (2) 
independent of l o n g i t u d i n a l  p o s i t i o n  a f t e r  a c e r t a i n  
" s t a r t i n g "  l eng th  
(3) t h e  eddy d i f f u s i v i t i e s  f o r  energy, mass, and momentum 
t r a n s p o r t  are assumed t o  be equal  t o  each o the r  and 
equa l  t o  t h e  eddy d i f f u s i v i t y  f o r  momentum t r a n s p o r t  
measured i n  nonreac t ing  flow 
(4) t h e  t ime-average r e a c t i o n  rate is assumed t o  depend 
only on t h e  t ime-average temperature  and composition, 
bu t  i t  i s  known (55)(56) t h a t  i n  t h e  case of second 
and h igher  order  r e a c t i o n s  (as is t h e  case  f o r  t h e  
r e l a t i v e l y  slow NO decomposition) t h e  time-average 
r e a c t i o n  ra te ,  i n  a t u r b u l e n t  f low, depends on t h e  
usua l  t ime-average q u a n t i t i e s  mul t ip l i ed  by a f a c t o r  
2 
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equa l  t o  one p l u s  t h e  concen t r a t ion  i n t e n s i t y  squared 
( fo r  concen t r a t ion  i n t e n s i t i e s  g r e a t e r  t h a n  30%, t h e  
. .  
e f f e c t  of t h e  tu rbu lence  i n  t h e  f low on t h e  r e a c t i o n  
rate i s  such as t o  i n c r e a s e  t h e  t ime-average r e a c t i o n  
ra te  by g r e a t e r  than  10%). 
is 
I 
The exper imenta l  d a t a  showed t h a t  even i f  a c o r r e c t i o n  i s  made f o r  
t h e  f i n i t e  AT which occurs  i n  any a c t u a l  "heat" t r a n s f e r  s i t u a t i o n ,  t h e  
t h e o r e t i c a l  p r e d i c t i o n s  and t h e  experimental  d a t a  do not  agree  f o r  three 
p r i n c i p l e  reasons:  
a. Evalua t ion  of t h e  bu lk  p rope r t i e s '  assuming equ i l ib r ium l eads  
t o  s i g n i f i c a n t  e r r o r s  because t h e  bulk r e g i o n  i s  s u f f i c i e n t l y  
fa r  from a n  equ i l ib r ium s ta te  
- 
b. Though an analogy between energy and momentum t r a n s p o r t  i s  
suggested (wi th in  a f a c t o r  of t h r e e ) ,  t h e  eddy d i f f u s i v i t i e s  
are not  equa l  and, i n  f a c t ,  are  d i f f e r e n t  from each o t h e r ,  by i 
a f a c t o r  of two I 
i 
I 
c. The a c t u a l  t ime-average r e a c t i o n  ra te  i s  much g r e a t e r  t han  
t h e  one assumed t o  depend only on the  t ime-average tempera-  
t u r e  and composi t ion 
Po in t s  a. and c .  are expected t o  be t h e  major reasons  f o r  t h e  d i sc repanc ie s  
between t h e  exper imenta l  d a t a  and t h e  p r e d i c t i o n s  of the t h e o r e t i c a l  model. '' 
The p r i n c i p a l  r eason  why i t  now appears  t h a t  po in t  c. does lead  t o  
l a r g e  e r r o r s  i n  t h e  p r e d i c t i o n s  of t h e  model i s  t h a t  t h e  experimental  da t a  
show t h a t  t h e  t u r b u l e n t  f l u c t u a t i o n  i n t e n s i t i e s  of both concen t r a t ion  and 
temperature  can be much l a r g e r  i n  nonequilibrium r e a c t i n g  shear  f lows than  
i n  corresponding nonreac t ing  shear  f lows.  
- * - 
The d a t a  obta ined  f o r  t u r b u l e n t  f low o u t s i d e  a r o t a t i n g  c y l i n d e r  d e v i a t e s  
about t h e  same amount from t h e  p r e d i c t i o n s  of t h e  model ( I V )  as was found 
f o r  t h e  tube  f low d a t a .  I - -  . . - . __ __ ~ ._... ~ __ 
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! 
4.2 AREAS REQUIRING FURTHER INVESTIGATION 
The p r i n c i p a l  areas r e q u i r i n g  f u r t h e r  i n v e s t i g a t i o n  can be summarized 
a. 
as fol lows:  
Revis ion  of t h e  model to  make i t  both a r e l i a b l e  p r e d i c t i v e  
t o o l  and more f a i t h f u l  t o  p h y s i c a l  r e a l i t y  (remove AT -, 0 
r e s t r i c t i o n ,  modify t h e  bulk  and w a l l  boundary cond i t ions  
so t h a t  even though nonequi l ibr ium cond i t ions  a c t u a l l y  
p r e v a i l  a t  t h e s e  "boundaries, " only equi l ibr ium and/or 
f rozen  f l u i d  p r o p e r t i e s  are r equ i r ed  i n  order  t o  apply t h e  
r ev i sed  model f o r  t h e  p r e d i c t i o n  of t u r b u l e n t  hea t  t r a n s f e r  
rates i n  nonequi l ibr ium tube  flow, use a t ime-average r e a c t i 6 n  
ra te  dependent on a c o r r e l a t i o n  of t h e  tu rbu len t  concen t r a t ion  
b. 
C'. 
d. 
i n t e n s i t y  d a t a ,  use eddy d i f f u s i v i t i e s  t h a t  approximate t h e  
experimental  r e s u l t s )  
Measurement of t ime-average energy,  mass, and momentum 
t r a n s p o r t  d a t a  (cp ,  Jm, etc.)  over a wider range of 
Damkohler numbers w i t h  t h e  fo l lowing  f e a t u r e s :  
o^f t ime-average concen t r a t ion  a t  t h e  w a l l ,  measurements as 
a func t ion  of l o n g i t u d i n a l  p o s i t i o n ,  c a l c u l a t i o n  of eddy 
d i f f u s i v i t i e s  u s ing  both  r a d i a l  and l o n g i t u d i n a l  d a t a ,  
measurements f o r  bo th  cons t an t  w a l l  hea t  f l u x  and i so thermal  
w a l l  cases, use  of i n  s i t u  hea t  f l u x  gauges i n  the  test  
s e c t i o n  w a l l s ,  and mod i f i ca t ion  of t h e  o p t i c a l  probe sens ing  
end so  t h a t  i t  p o i n t s  upstream w i t h  reduced f i b e r  bundle 
diameters  i n  t h e  t i p  r eg ion  
Measurement of bo th  t u r b u l e n t  temperature  and concen t r a t ion  
d a t a  over a wide range of Damkohler numbers ( f rozen t o  
equi l ibr ium cond i t ions )  
Develop a mixing model, based on t h e  experimental  r e s u l t s  
ob ta ined  i n  p a r t  c.,  which p r e d i c t s  t h e  unusual ly  l a r g e  
measurement 
-111- 
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i n c r e a s e  i n  t u r b u l e n t  i n t e n s i t i e s  which have now been 
observed. 
These areas have been confined t o  t h e  f u l l y  developed tu rbu len t  tube  flow 
case p r i m a r i l y  because of t h e  p r a c t i c a l  importance of such a flow geometry. 
Of course,  t h e  e f f e c t  of chemical r e a c t i o n  rates on t r a n s p o r t  i n  t h e  case 
of o the r  f low geometr ies  should a l s o  be explored. 
--112- 
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NOMENCLATURE 
a = p r o p o r t i o n a l i t y  cons t an t  r e l a t i n g  t h e  l i g h t  i n t e n s i t y  
i n c i d e n t  on t h e  end of t h e  pho tomul t ip l i e r  tube  t o  t h e  
r e s u l t i n g  v o l t a g e  output  of t he  tube  ( i n t e n s i t y / v o l t s )  
2 A = hea t  t r a n s f e r  area ( f t  ) 
= product  of e x t i n c t i o n  c o e f f i c i e n t  and t r ansmi t t ed  l i g h t  p a t h  bi 
l eng th  E ei(h,T)R (gm m o l e s / l i t e r )  -1 
-BS = des igna ted  turboblower s e t t i n g  as i n d i c a t e d  by t h e  d i a l  on 
t h e  v a r i d r i v e  
BW = band width  of wave ana lyzer  (cycles/second o r  Hertz) 
C = conversion f a c t o r  r e l a t i n g  vo l t age  output  of thermocouple t o  
C 
0 sensed temperature  ( v o l t s /  F) 
= c o e f f i c i e n t  of d i scharge  of o r i f i c e  p l a t e  
3 C = t o t a l  molar concen t r a t ion  of t h e  gas  system (moles/cm ) 
C 
d = diameter  of o r i f i c e  i n  o r i f i c e  p l a t e  ( f t )  
= i s o b a r i c  s p e c i f i c  hea t  (BTU/lb  OR) m P 
d = probe diameter  ( inches)  
D = p ipe  i n s i d e  diameter  ( f t )  
P 
- 
= averaged b inary  d i f f u s i o n  c o e f f i c i e n t  f o r  NO -0 and NO2-NO 
2 2  
D 
2 systems (cm /sec) 
. *  
e = f l u c t u a t i n g  vo l t age  ( v o l t s )  
e 
e 
= f l u c t u a t i n g  vo l t age  wi th  s i g n a l  and no i se  informat ion  ( v o l t s )  
= f l u c t u a t i n g  vo l t age  w i t h  only  n o i s e  informat ion  ( v o l t s )  
S+N 
N 
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E 
E 
Eo 
f 
f 
fD 
f 
'TS 
gC 
G 
G 
h 
h 
h '  
h" 
v o l t a g e  app l i ed  t o  h e a t e r  a t  l o c a t i o n  of tes t  probes (vo l t s )  
i n s t an taneous  v o l t a g e  from t h e  sample beam (vo l t s )  
i n s t an taneous  vo l t age  from t h e  r e fe rence  beam ( v o l t s )  
Fanning f r i c t i o n  f a c t o r  
f requency (cycles/second o r  Hertz)  
frequency based on test  s e c t i o n  diameter  and c e n t e r l i n e  a x i a l  
f low v e l o c i t y  (Hz) 
frequency based on test s e c t i o n  l eng th  (5 f t )  and c e n t e r l i n e  
a x i a l  f low v e l o c i t y  (Hz) 
l o c a l  a c c e l e r a t i o n  due t o  g r a v i t y  ( f t / s e c  ) 
g r a v i t a t i o n a l  cons tan t  = 32.17 lb, f t / l b f  sec 
m a s s  f low rate ( lbm/sec  f t  ) 
2 
2 
2 
g a i n  of a m p l i f i e r  (s) 
v e r t i c a l  displacement of l i q u i d  level i n  manometer 
( inches H20) 
hea t  t r a n s f e r  c o e f f i c i e n t  def ined  by 
hea t  t r a n s f e r  c o e f f i c i e n t  def ined by 
t h e  equat ion  
t h e  equat ion  
hea t  t r a n s f e r  c o e f f i c i e n t  f o r  r e a c t i n g  gases  def ined  by t h e  
equat ion  
h" E ( 2BTU ) 
Tw - Tb' f t  .set- 0 F 
-115- 
i '  
! 
i 
i 
I 
hea t  t r a n s f e r  coef f -Zient  de f ined  by t,.e equat ion  
- 
H 
H+ 
t H 
I 
I 
IO 
3i. 
r 
I 
h e a t  t r a n s f e r  c o e f f i c i e n t  of a nonreac t ing  gas  (equiva len t  
t o  h j  (ft2BTU 0 ) 
=set* F 
w i t h  N* = 0.0245 NRe 0*77 f o r  Npr = 0.7 (49) 
Nuf € f 
s p e c i f i c  en tha lpy  (BTU/lbm) 
molar h e a t  of r e a c t i o n  (cal/mole) 
normalized s p e c i f i c  en tha lpy  de f ined  by t h e  equat ion  I 
I 
a c t i v a t i o n  en tha lpy  f o r  t h e  decomposition r e a c t i o n  
2 NO2 2 2 NO + O2 equal  to 26,900 cal /mole of NO 
c u r r e n t  through h e a t e r  a t  l o c a t i o n  of t es t  probes (amps) 
l i g h t  i n t e n s i t y  t r ansmi t t ed  through t h e  gap of absorbing gas  
( i n t e n s i t y )  
2 
i n c i d e n t  l i g h t  i n t e n s i t y  ( i n t e n s i t y )  
m a s s  f l u x  of s p e c i e s  i i n  t h e  r a d i a l  d i r e c t i o n  due t o  
molecular  processes ;  re la t ive t o  t h e  mass-average v e l o c i t y  
i n  t h e  r a d i a l  d i r e c t i o n  (gm/cm2 sec) 
- S.16- 
! 
' 
= mass f l u x  of spec ie s  i i n  t h e  r a d i a l  d i r e c t i o n  due t o  both (t 1 
r Ji 
molecular  and t u r b u l e n t  t r a n s p o r t  p rocesses ;  relative t o  the  
mass average v e l o c i t y  i n  t h e  r a d i a l  d i r e c t i o n  (gm/cm2 sec) 
k = thermal  conduc t iv i ty  (BTU/f t * h r  OF) 
= forward s p e c i f i c  r e a c t i o n  rate cons t an t  used by Rosser and kD 
3 - Wise (33)(see Eq. A-13) (cm /mole.sec) 
= forward s p e c i f i c  r e a c t i o n  r a t e  cons t an t  used by Bodman (21)(26) 
B kp 
(see Eq. A-14) ( r e l a t e d  t o  p a r t i a l  p re s su res )  
,(mole/sec-cm3*atm 2
-1 = one-dimensional wave number (cm ) kl 
= one-dimensional wave number based on tes t  s e c t i o n  diameter  
I 
= one-dimensional wave number based on tes t  s e c t i o n  l eng th  kl 
%S 
= r e v e r s e  s p e c i f i c  r e a c t i o n  rate cons tan t  (see Eq. A-15) kR 
6 (cm /mole2 sec) 
= r e v e r s e  s p e c i f i c  r e a c t i o n  ra te  cons tan t  used by Bodman (21) 
B kR 
(26) (see E q .  A-14) ( r e l a t e d  t o  p a r t i a l  p re s su res )  
3 (mole/sec cm3 a t m  
assumed f i r s t  o rder  heterogeneous decomposition r a t e  f o r  
_ _  - - _ _ _  - - - _ _  
= 
kW 
K = f low c o e f f i c i e n t  f o r  an o r i f i c e  p l a t e  def ined  by t h e  
equat ion  
- 117-  
1 
. _  
K = distance from pressure port to upper level of manometer 
fluid (in) 
a = estimate of the momentum boundary layer thickness approxi- 
mated by 
(cd 0.77 1/3 a ,  
f '  NPr 
0.0276 
a = gap width of optical probe (cm) 
= .length of center test section = 5 feet 
= 
s 
-L length of heater or distance between static pressure ports; 
distance in axial direction (ft) 
m = designates a measure of the ratio of the characteristic time 
C 
for diffusion to the characteristic time for chemical 
reaction defined by the equation (evaluated at centerline 
conditions) 
m = mass velocity (lb /sec) 
m 
m 
- = m modified for an energy transfer situation involving a 
finite temperature difference 
- m E m exp 
M = molecular weight (gm/gm mole) 
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I 
N D I I  
N02 
NNu 
b '  Nr;U 
N' ' 
NUf 1 
N& 
f '  
N* Nu 
Damkohler number of t h e  second type  f o r  NO de f ined  by t h e  2 
equat ion:  E 7 D C  / T '  = [k:/(h*l2 E](kD CNo2) 
N02 
N D I I  
N02 
I 
Damkohler number of t h e  second type f o r  NO2 de f ined  by 
lcD - =-- 
E k2 
l D  
cPc p D12 
f r o z e n  Lewis number de f ined  by N 5 
LeE lcF 
, 
3 3 
Nusse l t  number de f ined  by N 
Nusse l t  number de f ined  by N '  
E h D/k 
- .  - Nu 
5' h'  D/(k/Cp)bf 
Nu, 1 u _- I 
i 
Nusse l t  number de f ined  by N '  E h '  D/(k/C,>, , 1 
f' L Nu 
Nusse l t  number def ined  by N" E h" D/ks I , 
f '  . f '  Nu 
Nusse l t  number def ined  by N"' E IQ D/(k/Cp)f I ( € I  Nu 
E u s s e l t  number f o r  nonreac t ing  system def ined  by 
- Hb) 1 5, 
_2____- 
f '  
N i u  E h* D/k 
f 
P e c l e t  number def ined  by N (t) 3 @;/E k 
P r a n d t l  number def ined  by M 
l D  Pe 
= Cp p / k  Pr  
Reynolds number def ined  by se = DG/P 
- 
Schmidt number def ined  by N E p/p D = NPr /NLe4; 
4; 
sc 
Stanton  number de f ined  by 
(t ime-average temperatures  and v e l o c i t y )  
-119- 
! 
^- .. 
= modified Stanton number def ined  by . 
NHt C 
“Stc  
f 
(t ime-average s p e c i f i c  e n t h a l p i e s  and v e l o c i t y )  
Q 
P . =  t o t a l  system p res su re  ( a t m )  
2 AP = pres su re  drop i n  system o r  ac ross  flow meter ( lb , / f t  ) 
L 
q = h e a t  f l u x  ( p o s i t i v e  i f  d i r e c t i o n  of t r a n s p o r t  i s  from w a l l  
Q 
t o  f l u i d )  (BTU/hr) 
2 = . hea t  f l u x  d e n s i t y  = q/A (BTU/hr-ft ) 
c 
r = r a d i a l  d i s t a n c e  from t h e  c e n t e r  l i n e  of t h e  tube  t o  a po in t  
of i n t e r e s t  ( f t )  
r = n e t  rate of disappearance of r e a c t a n t  spec ie s  i [ f o r  t h e  i 
r e a c t i o n  2 A t  3 U, r has  u n i t s  of (g-mole/cc.sec) l  A 
1: = tube  r a d i u s  ( f e e t )  
R 
0 
. = gas cons t an t  equal  t o  10.731 f t 3  l b f / i n 2  l b  mole OR = 
1.987 cal /mole OK = 82.06 cm 3 atm/mole OK 
t = t i m e  (min) 
T+ = normalized temperature  ( f o r  case of bu lk  gas c o n s i s t i n g  
most ly  of NO - n e g l i g i b l e  decomposition) def ined  by. 2 
0 T = temperature  ( F) 
U = l o c a l  l o n g i t u d i n a l  v e l o c i t y  a t  some l o c a t i o n  w i t h i n  t h e  
p ipe  (f t /sec) 
- 120- 
U 
X 
X 
N02 
Y 
Yi 
+ 
Y 
Y 
c 
z 
= m a s s  average v e l o c i t y  def ined  by U E m / p  TI r2 (f t /sec)  . b o  
d i s t a n c e  between two l o c a t i o n s  of temperature  measurement ( in)  
I 
2 mole f r a c t i o n  of NO 
d i s t a n c e  from t h e  p ipe  w a l l  t o  a p o i n t  of measurement ( f t )  
m a s s  f r a c t i o n  of spec ie s  i 
normalized d i s t a n c e  from the pipe w a l l ’ d e f i n e d  by 
an expansion f a c t o r  r e l a t e d  empi r i ca l ly  t o  t h e  d i scha rge  o r  
flow c o e f f i c i e n t  f o r  a gas  t o  t h a t  f o r  a l i q u i d  a t  t h e  same 
Reynolds number 
l o n g i t u d i n a l  p o s i t i o n  i n  t es t  s e c t i o n  ( f t )  
B = r a t i o  of o r i f i c e  diameter t o  pipe diameter  
__ 
w a l l  roughness ( r m s  inches)  
t u rbu len t  eddy d i f f u s i v i t y  f o r  energy t r a n s f e r  de f ined  by 
- -1 2 
€I? E [‘$/P CP) ( l  - y-)] 0 (- E) z - - ( f t  /set> 
cP 
r 
modified t u r b u l e n t  eddy d i f f u s i v i t y  f o r  energy t r a n s f e r  
def ined  by 
t u r b u l e n t  eddy d i f f u s i v i t y  f o r  momentum t r a n s f e r  def ined  by 
- 12 1- 
s €M 
'8 (X,T) = 
N02 
t u r b u l e n t  eddy d i f f u s i v i t y  f o r  momentum t r a n s f e r  i n  a non- 
I I 
I 
I I 
I 
\ 
r e a c t i n g  (or " loca l ly"  f rozen)  flow ( d e f i n i t i o n  as f o r  8 ) 
M 
( f t  2 /sec) t 
t u r b u l e n t  eddy d i f f u s i v i t y  f o r  m a s s  t r a n s f e r  def ined  by 
e x t i n c t i o n  c o e f f i c i e n t  f o r  NO a t  wavelength, A ,  and 
temperature ,  T [ (mole/l , i terj- '  cm-ll  
r a t i o  of equ i l ib r ium t o  f rozen  thermal  c o n d u c t i v i t i e s  
2 
7 = k/k5 
, 
r a t i o  of equ i l ib r ium t o  f rozen  i s o b a r i c  s p e c i f i c  h e a t s  
TI' = c,/c, 
5 
l i n e a r  average of 7 and 7' 
- 71+T T =  2 
wavelength of l i g h t  (angstroms) 
p ipe  d iameters  downstream from ent rance  t o  t e s t  s e c t i o n  
(where zone of cons t an t  w a l l  hea t  f l u x  begins) a t  which t h e  
r e a c t i o n  r a t e  reaches  a cons t an t  v a l u e  w i t h  a x i a l  p o s i t i o n ;  
de f ined  by (20) 
-122- 
= dimensionless temperature difference defined by 
c x 
2 hc f 
RTC 
viscosity (lbm/ft sec) 
= a dimensionless temperature level defined by the equation 
IJIC 
5 .  = degree of advancement of a chemical reaction, for 2 A t  3 U, 
P 
I- 
, 
-5 = 
1 - x  
N02 
X 
N02 1+- 2 
(gm moles) 
3 
2 
= mass density (lb /ft ) 
= shear stress (lb /ft ) 
m 
f 
7' = characteristic chemical reaction time (sec) 
'i 
(7' )-l f k C 'NO2 D NO2 
= characteristic molecular diffusion time (sec); for example D 7 
d2 
=2 - 
'D 
F 7 = characteristic flow time (sec); for example 
cp = heat transfer coefficient ratio defined by 'p h"/h* 
[h* based on N and Npr = 0.7 (4911 
f f Re 
-123- 
= a f u n c t i o n  of t h e  r e a c t i o n  rate parameter - c h a r a c t e r i s t i c  x 
d i f f u s i o n  l e n g t h  product $ 4  
= r e a c t i o n  rate parameter de f ined  by (13) * 
e; ( f )  = r m s  f l u c t u a t i n g  temperature a t  frequency f ( 0 F/cps) 
- -  
e;(f) = re:(f)]h 
8' ( f )  = r m s  f l u c t u a t i n g  concen t r a t ion  a t  frequency f [ ( m o l e s / I i t e r ) / c p s l  -C' , 
- 
0; = t o t a l  rms f l u c t u a t i n g  temperature (over t h e  e n t i r e  frequency 
0 '  
U 
range) (OF) 
t o t a l  r m s  f l u c t u a t i n g  v e l o c i t y  (over t h e  e n t i r e  frequency 
range) ( f t / s e c >  
- 
---- --- 
_. - _ - -  -_ . - - 
0 '  = t o t a l  r m s  f l u c t u a t i n g  concen t r a t ion  (over t h e  e n t i r e  frequency 
C 
I 
I 
- 
range) ( m o l e s / l i t e r )  
~ _ _  - ~ - _ _  __ __ -__-- ~- _ _  
Super sc r ip t s :  
Subscr ip ts :  
A - - 
r e f e r s  t o  t h e  use of an  en tha lpy  r e fe rence  r a t h e r  than a 
temperature r e f e r e n c e  f i l m  cond i t ion  
r o o t  mean square  v a l u e  of a f l u c t u a t i n g  q u a n t i t y  
r e f e r s  t o  o r i f i c e  p l a t e  measurement, p rope r ty  based on 
o r i f i c e '  p l a t e  measurement; o r  parameter de r ived  from 
nonreac t ing  flow experiments 
refers t o  t h e  c r o s s  s e c t i o n a l  a r e a  of t h e  p ipe  w a l l  o r  t o  
t h e  upper s t a t i c  p res su re  p o r t  
- 124- 
I I 
b 
B 
I C  
cs 
e 
f 
f ‘  
h 
i 
L 
m 
M 
ow 
OP 
P t  
SP 
T 
= r e f e r s  t o  p r o p e r t i e s  of t h e  bulk  g a s  
= r e f e r s  t o  t h e  lower s t a t i c  p r e s s u r e  p o r t  
= r e f e r s  t o  a v a l u e  c o r r e c t e d  f o r  ins t rument  e r r o r  o r  t o  
p r o p e r t i e s  eva lua ted  a t  the p i p e  c e n t e r  l i n e  tempera ture  
r e f e r s  t o  c o n t r o l  s e t t i n g s  (back w a l l  of test  s e c t i o n  o r  = 
bu lk  gas  b e f o r e  t h e  en t r ance  plenum) 
= chemical equ i l ib r ium s ta te  
= r e f e r s  t o  p r o p e r t i e s  evaluatt?d a t  t h e  f i l m  tempera ture  
de f ined  by Tf (TW + Tb)/2 
= r e f e r s  t o  p r o p e r t i e s  eva lua ted  a t  a f i l m  tempera ture  
corresponding t o  Hf E (Hw + Hb)/2 
= d e s i g n a t e s  f r i c t i o n a l  p r e s s u r e  drop 
= r e f e r s  t o  t h e  gas  used t o  p r e s s u r i z e  instrument l i n e s  I 
I 
/ = r e f e r s  t o  t h e  pe r iod  of t i m e  dur ing  which t h e  h e a t e r  a t  t h e  
probe l o c a t i o n  w a s  on 
I f 
= 
= 
r e f e r s  t o  i n s u l a t i o n  o r  t o  t h e  i n s i d e  p ipe  dimensions 
r e f e r s  t o  l o n g i t u d i n a l  measurements along t h e  p i p e  w a l l  
= average  v a l u e  
= r e f e r s  t o  t h e  manometer o r  manometer f l u i d  
= r e f e r s  t o  measurements made a t  t h e  ou te r  p i p e  w a l l  
= * 4 r o r i f i c e  p l a t e  ( f l ange  t a p s ,  square  edged o r i f i c e )  
= p i t o t  tube  (or t o t a l  head - s t a t i c  p res su re )  
= 
= 
s t a t i c  p r e s s u r e  (at w a l l  along tube  length)  
r e f e r s  t o  the t o t a l  q u a n t i t y  o r  t o t a l  t i m e  i n t e r v a l  
- 125- 
W 
Over l i n e s  : 
r e f e r s  t o  measurements made a t  t h e  i n s i d e  p ipe  w a l l  of t he  
test s e c t i o n  , .  
denotes  d i f f e r e n t  r a d i a l  p o s i t i o n s  i n  t h e  t e s t  s e c t i o n  
i n s u l a t i o n ;  o r  1 = upstream p o s i t i o n ,  2 ='downstream 
p o s i t i o n  
r e f e r s  t o  a proper ty  eva lua ted  a t  f rozen  cond i t ions  
r e f e r s  t o  bulk gas cond i t ions  before  e n t e r i n g  t h e  test  
s e c t i o n  
r e f e r s  t o  a va lue  averaged over t he  length  of t h e  p ipe  
t ime average 
Mathematical Symbols: 
I n  = n a t u r a l  o r  Naperian logari thm 
17 . -   3.1416 
-126- 
APPENDIX 1 
EQUATIONS FOR DATA REDUCTION 
Energy Transport:  
Hb Tbl = temperature corresponding t o  
-. -- ~- - 1  
Momentum Transport:  
~ . -  __. - - _____ - ._ . - 
I m = 2 n  5; r u p d r  
m 
n r  
G = -  
D 
2 
(A-2) . 
(A-3) 
(A-4) * 
(A-5 
(A-6)* 
* 
1 - p2' Note: AP E P 
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(A-9) 
(A ')op o r  p t  = [ h (P, - P,) (A- 10) 
(A- 11) 
i 
(A- 12) 
. . - - . 
3; Kine t i c s  Parameters (2 NO2 2 2 NO + 02): 
(A- 13) c m  gm mole sec exp [ - 2 6 9 9 0 0  ] [ 12.60 i k~ = lo RT 
I 
/ 
i 
! 
(A- 14) 
- .  - _. 
For 2N02-" 2 N 0  % 0 approximated 2 
I 
d C  i 
I - r  =[,?I = -kD I 
I N02 chemic a1 
(A-15)  
3 c2 f kR cu 
N02 
react i o n  I 
I c = P/RT (A- 16) 
(A- 1 7 )  
, [ D ~ ~ 2 - ~ ~  + D~~ -0 
2 'I T , 1  a t m  D (T,1 a t m )  = 
. .  
(A- 18) 
3; 
Values obta ined  from r e f e r e n c e  26. 
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! 
Concentration Calcula t ions :  
- ci = ci + ci 
Time-Average Concentrat ion:  
For ci s m a l l ,  
I E a E (A-19) 
For c l a r g e ,  i 
(A-20) 
(A-2 1) 
RMS Concentrat ion a t  Frequency, f (e/E smal l ) :  
---I 
(A-22) 
[(eA)Air - ( e ' )  
G2 (bN02 j 
- __ - - - ____ ] N02 f - 
1 
G1 = 100 ; G2 = 10 
! 
(A- 2 2 a )  
I 
(A-22b) 
T o t a l  RMS Concentrat ion (e/E small)  : 
! 
(A-23) 
[ ( e ? A i r  - (ei)N02 1 
= -  0; - 
NO2 G2 (b E/G1) 1 
N02 T r  
_. - __ 
F l u c t u a t i n g  Temperature: 
(A-24) 
(A-25) 
CG 
- 129- 
G = 12,600 
C = 5.34 x 
BW = 5.52 Hz 
volts/'F (Pt/Pt-10% Rh @ N 800'F) 
- 2 n f  kl - - 
U 
2rr 
'TS 
= -  2ll k = - -  
D ' kl 
'TS 
U f = - .  u f = -  
' 'TS 'TS 
(A-26) 
(A-2 7) 
(A-28) 
(A-29) 
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i 
' i  
I 
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